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ABSTRACT
Reactions between benzyl trialkyltins, benzyl-SnR3, and mercury(II) 
salts have been studied; the stoichiometry can be represented by 
equation (1; R =. Bu11, Prn, Et and X=CJ£, OAc), or equation (2; R = Me 
and X = C&, OAc).
C6H5CH2SnR3 >  HgX2  => C6H5CH2HgX + R3SnX (1)
C6H5CH2SnMe3 + HgX2 --- => MeHgX + C6H5CH2SnMe2X (2)
Kinetic studies showed that both reactions (1) and (2) follow second- 
order kinetics, first order in each reactant, and it is suggested that 
these reactions are simple electrophilic substitutions.
Iodination of benzyltrialkyltins in methanol gave R3SnI and 1001 
benzyl iodide (when R = Bu11, Pr11 and Et); with the compound 
benzyl-SnMe3 the product was 701 benzyl iodide and 301 methyl iodide.
In the corresponding bromination and chlorination, benzylmethyl 
ether, a novel and unusual product, was" obtained in quite high yield 
[50V yield in bromination of benzyl-SnR3 when R = Bu11, Pr11 and Et, and 
751 yield for the similar chlorination reaction]. In the case of 
benzyl-SnMe3, the methyl group is cleaved as well as the benzyl group.
Kinetic studies on the iodination and bromination reaction showed 
that both followed simple second-order kinetics, first order in each 
reactant. Free radical inhibitors did not affect either the rate 
constants or the products.
Comparison of rate constants for the reactions studied in this 
work with previous data enabled the reactivity of the benzyl-tin bond
towards electrophilic reagents to be obtained for the first time. 
Relative to M e - 1000, results are:
Reagent
Relative reactivity of R-Sn bonds
Benzyl Me Et Pr11 Bu11
H g a 2 21 1000 2.2 0.41 0.40
Hg(0Ac) 2 45 1000 4.4 0.89 0.74
I2 4000 1000 145 75 32
Br2 8000* 1000 555 76
Br2 14400+ 1000 555 76
* Benzyl cleavage to form benzyl bromide
+ - Total benzyl cleavage to form benzyl bromide and benzylmethyl 
ether
It is suggested that the bromination and chlorination must 
proceed (at least in part) via a reactive intermediate; the latter can 
collapse with involvement of a solvent molecule to yield the benzyl­
methyl ether. The benzyl halide might be formed either by a normal 
electrophilic substitution or by rearrangement of the intermediate. 
From the reactivity sequence obtained, it appears that the benzyl 
iodide produced in the iodination reaction is formed by the same type 
of mechanism as is the benzyl bromide.
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THE BIRD’S FANCY
I used to dwell in a little house, 
abundant, careless.
The world was, for me, boundlessly round 
and its shell blue.
Thereafter, I opened my eyes 
in a tiny nest.
The world is made of straw, I said, 
and my mother has made it.
One day out of the nest, having raised my head 
I look this way and that way
And see that the world is made of leaves 
and, on its top, our nest.
Now I fly far, too far,
and go everywhere.
But what the world is made of 
I fail to understand.
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INTRODUCTION
SECTION 1
THE BASIC MECHANISMS OF SUBSTITUTION 
AT ALIPHATIC CARBON
Introduction
A bond between a carbon atom and a leaving group (X) can be broken 
either homolitycally or heterolytically. In the latter case, the two 
electrons in the C-X bond may be transferred to the leaving group or they 
may be transferred to the carbon atom. The fission of a C-X bond can 
therefore be classified into three types, on the basis of the electronic 
processes involved.
\  ^  + _
-~JC-— X  + X (Heterolytic) (1)
^  n n  \
 X — + X* (Homolytic) (2)
^  v~\ \  _ +
—  X  > + X (Heterolytic) (3)
Heterolytic substitution (1) leads to nucleophilic substitution in which 
a nucleophile N (an electron-rich species), attacks a saturated carbon 
atom (R) to displace the leaving group (X) with transfer of an electron 
pair from N to the reaction centre, to provide the formation of the new 
N-R bond (eqn 4).
R — X  ---9- N - R + X" (4)
In nucleophilic substitution reactions the leaving group (X) is an 
electronegative group such as -C£, -Br, -OH, etc. , since the requirement 
is a full or partial positive charge on the carbon atom in the sense:
\  6+ 6- 
. f  — x
which is generally found in aliphatic compounds.
Substitution (2) leads to the homolytic substitution, in which a 
radical S’ displaces the leaving group (X) and forms the new S-R bond 
which is derived from one electron of the (radical) reagent, and one
from the substrate molecule (eqn 5).
- — -s- S - R + X’ (5)
,^cr x-
It is expected that in these reactions the activation energy will be 
related to the bond dissociation energy, which is highly dependent on the 
structure and, perhaps, on the reactivity of the radical.
Heterolytic substitution (3) leads to electrophilic substitution in 
which the electrophilic reagent E+ (an electron-deficient species) displaces 
the leaving group (X) from a molecule or ion, the electron pair binding 
the leaving group to the substrate remaining attached to the carbon atom 
throughout the formation of the new E-R bond (eqn 6).
E+/ r -  X  E — R + X+ (6)
Therefore one of the requirements for electrophilic attack is a bond 
polarity in the sense:
—  x6+
y
which is opposite to that generally found in aliphatic compounds*
Whereas nucleophilic substitutions at saturated carbon atom are very
common and well known, ^ electrophilic substitutions are not so common,
?
but more recently they have been studied in organometallic compounds, 
where the carbon-metal a bonds are polarised in the way required for 
electrophilic substitution. Therefore these compounds are suitable 
substrates for electrophilic substitutions.
The notation generally used for electrophilic reactions is that 
RMX^ is an organometallic substrate, R is the moving group containing
the saturated carbon atom at which substitution will occur, and MX^ is 
the leaving group containing the metallic atom M and Xn groups, where 
X may or may not be equal to R. The attacking reagent is written E-N, 
where E is the electrophilic and N the nucleophilic centre.
1. Mechanisms of nucleophilic substitution at saturated carbon
la Unimolecular nucleophilic substitution (S^ jl)
The reaction occurs by an initial, slow, rate-determining formation 
of a carbonium ion and its subsequent fast reaction with the nucleophile.
.+\
X  -  x ^  C + X  (7)
7  ^  /V
• •  k 2  \  +
C + N —  >  C - N (8)
/V ■ 7
Accordingly, the kinetics should follow a first-order rate law, 
independent of nucleophilic concentration. Due to the reversibility of 
the first step, many reactions deviate considerably from the simple 
first-order kinetics.
-d[RX] /dt = kik2[RX]/(k2 + k^ [X]”) (9)
However, first-order kinetics are observed when [X]” is very small 
in the early part of the reaction, and also when k2 »  k^jlX]”, since 
eqn (9) is reduced to
-d[RX]/dt = kJRX] (10)
The cation in which the carbon atom carries a positive charge is a
f
carbonium ion,- and during its formation the initially tetrahedral, sp3
hybridized, carbon atom collapses to a planar state with sp2 hybridization, 
in which the three hybrid orbitals are as far apart as they can get, and 
are used for single bonding. The remaining p orbital is empty, and it is 
expected that subsequent attack by a nucleophile would take place with 
equal readiness from either side of the planar carbonium ion leading to 
racemisation. if the nucleophilic attack occurs before X" has left 
the neighbourhood of the carbonium ion, partial inversion of configuration 
is a possibility.3
lb Bimolecular nucleophilic substitution (S^ 2)
This reaction occurs through a transition state, in which the 
incoming nucleophile N and the leaving group X~ are both associated 
with the central carbon atom
f
— N+ - C^l+X" (11)
In the transition state five pairs of electrons are arranged around the
central carbon atom, where energetically the most favourable shape for 
this is a trigonal bipyramid; the reaction always proceeds with 
inversion of configuration. ^ ^
Accordingly the kinetics should follow a second-order rate law, 
eqn (12):
-d[RX]/dt = k2[N][RX] (12)
Frontier orbital theory can account for this stereochemical 
preference as follows;^ the attacking nucleophile has a high-lying ' 
occupied orbital (HOMO), which will interact with the a* antibonding
N + - XV N— -C X. / v
orbital of the C-X bond, Fig. 1(a). Overlap of the HOMO of N with tile a* 
orbital is best achieved on the rear face of the carbon, Fig. 1(b).
An approach from the front face is prevented because there is no 
net overlap of HOMD and LUO, Fig. 1(c).
(a)
HOMD of nucleophile LUO of substrate
(b)
HOMO
+ Inversion
(Net overlap. 
Favourable)
■(c) HOMD
+0
FIGURE 1 Frontier orbitals for the S^2 reaction
Retention
(No net overlap. 
Unfavourable)
lc. Internal nucleophilic substitution S^i
Despite what has been said about displacement reactions leading 
to inversion of configuration, to racemisation, or to a mixture of both, 
it is known that in some cases the reaction may proceed with actual . 
retention of configuration. An example of this mechanism is the
replacement of OH by C£ through the use of thionyl chloride.
The reaction proceeds through an alkyl chlorosulphite intermediate where 
the formation of an ion pair is almost certainly involved,
R 0 R +S02 R 
ex -5l2Si. c®  ®os«—^ »c® ^bs. —0 f c - «A  /V
(14)
and the attack by (X is likely to occur on the same side of the carbo­
nium from which OSOCX departed, resulting in the retention of 
configuration at saturated carbon atom.
Id. Unified mechanism of nucleophilic substitution
6 7It has been suggested by Sneen * that all nucleophilic substitution 
reactions at a saturated carbon atom proceed through an ion-pair mechanism, 
and that this mechanism could accommodate traditional S^l and S^2 as well 
as borderline behaviour, eqn (15):
Reaction with 
nucleophile or 
solvent
(15)
Reaction with 
R — N+ nucleophile or
solvent
If the formation of R+ is the rate determining step, then S^l type 
kinetics is the result. On the other hand, if the attack of N on the
R -  X: rV N R - N + X'
R
X
R-y
R
OS
ion-pair is the rate determining step, then the reaction will lead to
bimolecular nucleophilic substitution, S^ 2. The evidence against the
o
unified mechanism is summarized by McLennan.
2. Mechanism of homolytic substitution at saturated carbon
2a. Unimolecular homolytic substitution (S^ l)
This reaction occurs by an initial dissociation of the bond between 
the saturated carbon atom and the leaving atom to generate a pair of 
radicals followed by subsequent reaction with the radical reagent.
\  I S’ \
x  —  X ^..  C’ + X* £  - S + X’ (16)
/ \  . ''j,
The methyl radical is planar, therefore the carbon which is initially 
sp3 hybridized changes its hybridization to sp2, when formed as a radical. 
Accordingly the attack of the S* will proceed with a low stereospecifity 
at the carbon atom.
Many examples can be quoted of substitution at a saturated carbon 
atom being achieved by an S^l process, which is highly dependent on the 
reactivity of the radical.
Intramolecular rearrangements and fragmentation reactions are two
9classified S^l reactions.
2b. Bimolecular homolytic substitution (S^2)
S^2 processes are known to occur at coordinatively unsaturated, 
sp2 hybridized carbon, where they usually involve an addition-elimination
sequence. Probably more effort has been expended on the search for 
homolytic substitutions at sp3 hybridized carbon than on any other 
multivalent element. Interest in this reaction arises from the fact that 
substitution at an asymmetric carbon would answer the question as to 
whether the radical attacks from the back side with inversion of 
configuration (S^2-like):
S’ + - X s— C -X
/  V
+
or from the front side with retention of configuration .(Sg2-like):
*
S + <C - X
\  ,'X
'PC J '-s -=^C - S + X-
(17)
(18)
In each case the incoming radical S* and leaving radical X* are both 
associated with the central carbon atom.
In spite of many attempts to discover a homolytic substitution at 
an unstrained sp3 hybridized carbon, there would appear to be only one 
clear demonstration of this type of reaction. This does not necessarily 
mean that such reactions must be very rare . A large number of the 
anticipated substitutions are nearly or exactly thermoneutral, and more 
strongly exothermic reactions will be required for further studies on 
S^2 reaction at sp3 hybridized carbon.^ Therefore in reactions (17) and 
(18) the S* to carbon bond-strength should be large but the carbon to X 
bond-strength low; further, the carbon should be relatively open to attack 
by S*. However, with regard to the stereochemical outcome of such a 
reaction it is almost clear that back side attack, reaction (17), is 
expected because it minimizes the internal energy of the transition 
state.^
■ ■ 11
Recently, Johnson and his co-workers have reported the first 
example of homolytic displacement by attack of an organic radical at 
saturated carbon. Johnson suggests that benzylcobaloximes react with 
bromotrichloromethane thermally and photochemically to give good yields 
of trichloroethylbenzenes; the reaction is believed to take place by 
chain sequence in which one of the propagation steps involves the 
homolytic displacement of cobaloxime (II) from the benzylcobaloxime (III) 
complex by attack of trichloromethyl radicals at the a-carbon, eqn (19):
a 3C. + Arai2CoIII(dm#l)2B -»■ CJlaCCHzAr + •Con (dm#i)2B (19)
( Ar = Ph
.. (
( B = Pyridine or imidazole
Many bimolecular homolytic substitution reactions are known to
12
occur at other centres than carbon; the homolytic reagents react 
preferentially at peripheral monovalent hydrogen or halogen, and 
occasionally at bivalent oxygen or sulfur, but not at saturated carbon.
A rapid S^ 2 reaction can occur at a multivalent metallic .centre if 
it has an accessible low-lying unfilled orbital.
S' + RMXn— > SMXn + R’ (20)
The basic reason for this high reactivity of organometallic 
compounds by an S^2 mechanism at the metal atom is that most common 
radical reagents (e.g. RO*, R00*, RS*, halogen atoms) involve an 
electronegative atom which will form a stronger bond to a metal than 
does carbon. The reaction is exothermic, fast, with a low activation 
energy.
3. Mechanism of electrophilic substitution at saturated carbon
3a. Unimolecular electrophilic substitution (S^ l)
The Sgl reaction proceeds by an initial slow reversible ionization
13which leads to the formation of a carbanion, eqn (21). This is then 
followed by the rapid combination with an electrophile, in the second 
stage, eqn (22):
slow
R - M X n ^    R” + MXn (21)
fast
R~ + E — N -> R - E + N~ (22)
The characteristic kinetic feature of this mechanism should be the 
observation of a first-order kinetic law (first-order in the substrate, 
RMXn, and zero order in EN), at least for the case when the substrate is 
present at relatively low concentration and when the back reaction in 
eqn (TJ) is negligible in comparison with eqn (22) .
The stereochemical outcome of the S^l mechanism can be inversion,
14retention or racemisation, according to the experimental conditions.
Most often racemisation is the expected stereochemistry of the outcome.
3b. Bimolecular electrophilic substitution (S^ 2)
This mechanism proceeds in a single bimolecular step, and therefore 
should obey the second-order kinetic law, first order in each reactant, 
when the two reactants are present in dilute solution at the same order 
of concentration. There are two main possibilities for the stereochemical 
course of such a reaction, depending on whether the configuration of the 
carbon atom undergoing substitution is retained or inverted. There are
several ways in which this mechanism can be represented, as follows:
(i) S£2 (open)
The mechanism can be shown as in eqns (23) and (24)
R - M X n + E - N RC1
■E-N
(I)
EE + NMX.n (23)
+ E - N  — ^ N - E---R---MXn
(II)
*
-^RE + NMX;n (24)
The transition state (II) corresponds to the transition state taking 
place in S^2 reactions, with inversion, although with the significant 
difference that there will only be four pairs of electrons around the 
central carbon atom. Transition state (I) leads to retention of 
configuration in the final product. Both stereochemical outcomes, 
denoted as S^2 (open) Ret., and S^2 (open) Inv., have been observed.-^>16 
Because of the charge separation involved in transition states (I) and 
(II), this mechanism will be encouraged in polar solvents and in the 
presence of inert salts.
The symbolic notation S^2 (open) (S^ 2 (open) Ret. and S-^ 2 (open) Inv.)
suggested by Abraham is used here instead of the term S^2 used by 
13 17Ingold 9 to describe these bimolecular substitutions which proceed via
18open transition states, and by Reutov who uses the symbolic S^2 to 
describe all bimolecular electrophilic substitution including cyclic as 
well as open transition states.
Frontier orbital theory can account for the stereochemical outcomes
of an Sg2 (open) mechanism.^ The attacking electrophile has a low
unoccupied orbital, LUMO, and the substrate has a high occupied orbital,
HOMO, Fig. 3(a). Overlap of the LUMO of electrophile (E) with HOMO of
RMX can be achieved on either side of the carbon atom as shown in n
Figs. 3(b) and 3(c).
(a)
LUMO of electrophile HOMO of substrate
Inversion
(Net overlap, 
favourable)
Retention
(Net overlap,' 
favourable)
FIGURE 5 Frontier orbitals for the S^2 reaction
(ii) Sp;2 (cyclic)
In a bimolecular electrophilic substitution there is the possibility 
of coordination of the strongly nucleophilic centre of the attacking
. ' 1{
reagent to the metal atom. This leads to an internal, cyclic mechanism, 
which can be written as:
t
— s>RE + MX (25)n
,MX*
R — MXn + E - N RC.V n D N
(b)
LUMD HOC)
LUMD
CO
(III)
However, the mechanism is not limited to four-centred transition states,
and cyclic six-centred transition states formed in electrophilic
19substitution with -internal coordination have been postulated, e.g. 
eqn (26):
" +
Bu — HgBu + CH3CO2H  --- >
Bu
^ H g - v O ^
B <  ^  - CH3
' ' H---0
(IV)
BuH + BuHgOCOCHa
(26)
In any case the only possible stereochemical outcome of this mechanism is 
the retention of configuration at carbon atom.
The symbolic notation S^2 (cyclic) suggested by Abraham is used
here, instead of the terms Sg2, S^i, Sp2, which have been used by other
, „ 18-20 workers.
(iii) Catalysed S£ reactions
3
Nucleophilic reactions are catalysed by electrophiles such as silver
and mercury ions, which will coordinate with the forming halide ion in,
for example, a solvolysis reaction and assist the breaking of the carbon-
halogen bond. Conversely, electrophilic reactions may be catalysed by 
13nucleophiles. The nucleophile may complex reversibly in a pre-rate-
determining step to the substrate in S^l reactions, or to either the
organometallic substrate or electrophile, in Sg2 reactions. Gielen 
21et al have suggested that a molecule of a nucleophilic solvent might 
formally be incorporated into the transition state. However, there is 
no direct kinetic evidence for the number of solvent molecules involved 
in the transition state, therefore the catalysed mechanism by
nucleophilic solvent is not so clearly defined. The various possibilities
2
of catalysed Sg reactions have been set out in some detail previously.
SECTION 2
STEREOCHEMISTRY OF CLEAVAGE OF ALKYL-METAL 
BONDS BY ELECTROPHILIC REAGENTS
Stereochemistry
22When Hughes and Ingold first suggested the S^2 mechanism, they 
thought it would be analogous to S^2 and proceeded with inversion of 
configuration at the substituted carbon atom, through (I).
\ 'Y
N— E C — Y/ v
E - N
(I) (II)
Later 913,19,23 it was recognised that retention through transition
state (II) could also take place.
Since on theoretical grounds (see p. 23 ) both (I) and (II) are 
possible, the stereochemical course of the reaction at the carbon atom 
undergoing substitution has received much attention. Unfortunately, it 
is very rare to find cases in the literature where the kinetics, mechanism 
and stereochemistry have all been carried out on a reaction under exactly 
similar conditions. The investigations of Hughes and co-workers,24-* 25. 
in metal-for-metal substitutions, show that the substitution proceeds 
with retention of configuration at the substituted carbon atom.
In halogenation reactions, both retention and inversion of stereo­
chemical configuration have been observed on quite similar systems, for 
example bromination of tetra-alkyltins. 9
A major difference between S^ 2 and S^ 2 reaction is the stereochemistry 
of substitution. As mentioned in Section 1, inversion is the only 
possible outcome for the S^ 2 mechanism, but for the S^ 2 mechanism, both 
retention and inversion of configuration are the possible stereochemical 
course of the outcome.
The following table summarises the results of stereochemical 
investigations in electrophilic-type reactions. In many cases, there 
is little evidence to show whether the substitutions are classical S^2 
processes, or whether they proceed via oxidation of the metal. There­
fore, all these types of reactions are included in this section.
In the table, 0 denotes a centre labelled with optical activity, 
and * a centre labelled with radioactivity.
1. Metal-for-metal substitution
Reaction Outcome Ref
sBu°HgQAc + Hg*(OAc)
in ethanol at 59.8 C
sBu°Hg*OAc + Hg(OAc)2 
Retention
24
sBu°HgBuS + HgX2
X = Br, OAc, NO 3 in ethanol at 0°C
sBu°HgX + BusHgX 
Retention
27
sBu°Hg*X + BufHg
X = Br, OAc at 35°C,
X = N03 at 0°C in ethanol
sBu°Hg*Bus + BuSHgX 
Retention
25
>HgCJl
r ^ N ^ O C H 3
Hg*as
Hg*as
-HgC&
Both reactions in acetone, 
dioxane or isobutanol, at 
120-135°C
OCH3
»Hg*Qt
HgO,2
OOF
C r
Retention
+ HgC£2
28
COj>Et
\  n
C - HgBr + Hg*Br2
H
In 10% aqueous dioxan at 59.2 C
C02Et
-> <\ b—  C - Hg*Br + HgBr2 
H
Retention
29
CMe3 
H D
H D
HgC£2
Fe(C0)2Cp
Threo in benzene at 40 C
CMe3 
H D
-s* j V |  + C£Fe(C0) 2Cp 
H D
Hga
Retention
30
Reaction Outcome Ref
H
Exo
refluxed in 1HF
i +
-Hg ^
■ I
C02Ph
Retention
+ HgBr,
MgBr
Endo 
in ether
32
HgBr
Retention
+ PhHgOAc
OAc
in MeCN
HgOAc
33
+ Py2PdPhC& 
OAc
Retention
+ PhHgCS, 
OMe
Py2PdCil 
in methanol
33
Retention
Ph
H D
+ HgC^2
Fe(C02)Cp 
In pyridine
i
Retention
Reaction Outcome Ref
(Co)
OH (1) Hg(0Ac) 2   >
(2) NaC&
HgCft
^OH
Cis
(Co) ■ = Bis (dimethylglyoximato) 
cobalt pyridine
Trans
Inversion
35
Bu
D < J > H
H'Vj-/' D 
(Co)
erythro
In aqueous perchloric acid at 75 C
(Co) = Bis (dimethylglyoximato) 
cobalt pyridine
(1) Hg(aoo2 
 >
(2) NaC£
Bu
HgCJt
threo
36
Inversion
C(ffl3) 3
B 
/ \
threo
(1) Hg (OAc) 2 
 >
(2) NaCS,
C(CH3) 3
H ^ D
D \ y s H 
HgC I 
erythro
Inversion
37
2. Halogenation
Reaction Outcome Ref
Me 'HgBr + Br2 -^Me* Br + HgBr2 38
In various solvents at 25°C or 0°C Retention, or loss 
of configuration
ch3
CH3CH2 — C — HgBr ■+ Br2 
H
CH3
CH3CH2 — C — Br + HgBr2 
H
39
In a variety of solvents;
(i) in pyridine at -45°C
(ii) in CS2 at 0°C
(i) Retention
(ii) Inversion
V
Br
+ X2
X = Br, C&, I in methylene 
chloride at -5°C
+ (f0)Me 
Py
Inversion
40
CH3 H
Et
,C' + X2
IH^
(Co* }Me
Py
X = Br, C&, I in methylene 
chloride at 0°C
GH3
Et
I I
h r ' ' + (Co)
\  t
^H Py
Inversion
Me
40
EtCH (Me)SnPe?eo + Br2 ->• EtCH (Me) Br + Pe3eoSnBr 16
In methanol at 45 C Inversion
Reaction Outcome Ref
EtCH(Me)SnR3 + Br2
(R = s-Bu, i-pr, 3-Pe 
In methanol-cyclohexane at -10°C
EtCH (Me) Br + R3SnBr 
RBr + EtCH (Me) SnR2Br
Mainly retention
26
(i) In THF at 0°C
B + Br2
(ii) In THF at 20°C
Br
+ R2BGMe
H
(i) Inversion
(ii) Retention
41
MeCH(C02Et)Ma(C0) 5 + Br2 
In THF at -78°C
MeCHBrC02Et + BrMi(CO) 5 
>60% Retention
42
+ Br;
Li
In pentane at -70 C
Br
+ LiBr
Inversion
43
Ph
H D
H D
+ X2
Fe (CO) 2 Cp 
(X = Br, I)
Ph
D- v  H
H
34
D
XFe(C0)2Cp
In pyridine at 0 C Inversion
Reaction Outcome Ref
Br;
etau ) 3
" f r Y ” ♦
Fe(CD)2Cp
In CDa3 at 25°C 
In C5H12 9 CS2 at 0 C
BrFe(C0)2Cp
Inversion
Inversion
30
44
CH3
(Co) - C - H + Br2
C2H5
(Co) = Bis (dimethylglyoximato) 
cobalt pyridine
CH3
H — C — Br + (Co)Br 
C2H5
Inversion
35
R3Sn-CHDCHDC(CH3) 3 + Br2
(R = Me, i-Pr) 
in chlorobenzene at 25°C
(i) Br2 (low concentration)
(ii) Br2 (high concentration)
BrCHDCHDC(CH3) 3 + R3SnBr 45
(i) Retention
(ii) Inversion
2+
(H20)5CrR + X2
(R = primary or secondaiy alkyl) 
(X = I, Br) 
in water
3 +Cr(H20) e + RX + X
Inversion
46
C(CH3) 3
D " m
. B 
/\ 
threo
C(CH3) 3
(1) Br2 D
(2) CH30_/CH3QH
Br
erythro
37
Inversion
It is clear from the examples given in the tables that the metal- 
for-metal exchanges usually proceed with retention of configuration at 
the carbon atom undergoing substitution. There are exceptions, however, 
and in transfer from cobalt to mercury two sets of workers have notbd 
inversion of configuration.
In the halogenation reaction, reactions with both inversion and 
retention of configurations are widespread. •
SECTION 3
EVIDENCE FOR THE BASIC MECHANISMS 
OF ELECTROPHILIC SUBSTITUTION 
AT ALIPHATIC CARBON
1. Metal-for-metal exchange reactions
(a) Mercury-for-mercury substitution reactions
Much of the information on bimolecular substitution processes has
' 23
been provided by Ingold and co-workers on the substitution of alkyl- 
mercury (II) compounds by electrophilic mercury (II) compounds. They 
have concluded that these mercury-for-mercury exchanges occur as three 
types of reactions, the one-alkyl (1) , the two-alkyl (2) and the three- 
alkyl (3).
X2Hg'^  + RN-  HgX y. -  XHg -  R + HgX2 (1 )
X2HgK + R ^  HgR .. -- XHg -  R + HgRX (2 )
XRHg*^+R^ IlgR RHg -  R + HgRX (3 )
In the one-alkyl exchange (1), the products are chemically identical 
to the reactants and the exchange has normally been followed by the 
transfer of radioactive mercury ( 20 3Hg, denoted as Hg*) from the 
mercury (II) salt to the alkyl mercury (II) salt.
RHgX + Hg*X2      - PHg*X + HgX2 (4)
The kinetics of such an exchange were first investigated by Nefedov
and Sintova^ ^  who showed that the exchange (4) (R = Me, Et, Pr11, X = Br)
in solvent ethanol followed second-order kinetics. Re-investigation of
24reaction (4) (R = Me, X = Br) by Ingold and co-workers showed that the 
reaction was second-order overall, first order in each reactant.
Increasing the polarity of the solvent either by the addition of water 
or by the addition of lithium nitrate accelerated the reaction (4)
(R = Me, X = Br), and mechanism S^Z (open) was therefore indicated.^ The 
rate constant for reaction (4) (R = Me) increased in the sequence:
X = Br < I «  OAc «  N03 (5)
again suggesting mechanism S^ 2 (open) rather than mechanism S^2 (cyclic).
The reactivity sequence (6) was explained by Hughes and Volger^
R = Me > Et > Pe1160 > Bus (6)
as due to steric non-bonded‘interactions in the transition state.
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Abraham and co-workers later calculated the steric effects of 
alkyl groups in reaction (4) in solvent ethanol by setting up non-bonded 
potential functions and obtaining the various non-bonded interaction 
energies in both initial states and transition states. The calculations 
were carried out on an open transition state model with fixed at 84° 
and the C...Hg length at 2.288 X (see Figure I), and led to close agree­
ment between observed and calculated relative rate constants ; results are 
given in Table 1:
TABLE 1
Calculated relative rate constants for the
o o
open transition state. ^ = 84 and C...Hg 2.288 A
R Me > Et > n neoPe > Bus
Calc 1 0.50 0.38 0.05
Obs 1 0.42 0.33 0.06
The same workers also showed that the sequence (6) is mainly due to 
the effect of restricted rotation of groups in the transition state. 
Similar calculations carried out using a cyclic transition state model
f
did not yield.the correct relative rate constants.
The chosen open transition state with the fixed, dimensions is given 
in Figure 1, where the C...Hg partial bond length and the H g ^ H g  angle, 
ip, are left as variable parameters.
Br
Hg
140
Br
FIGURE 1 Bond lengths (X) and angles (deg) in the open 
transition state
The entering HgBr2 group is almost entirely free to rotate about 
the C^.. .Hg axis in such a way that the Me/Br interactions between a-Me 
(or B-Me) groups and the bromine atoms are extremely small. Similarly, 
such Me/Br interactions involving the leaving Br atom are also very 
small, and the main direct interactions in the transition state are the 
Me/Hg ones. By variation of the values of ij and the partial bond length, 
it was shown that (i) the steric effects increase as the angle ij is 
increased, (ii) steric effects decrease as the partial bond lengths are 
increased, and (iii) there is substantial agreement between calculated 
and observed relative rates. Therefore reaction (4) proceeds through an 
Sg2 (open) rather than an S^ 2 (cyclic) transition state with retention 
of configuration at the site of substitution.
The two-alkyl (2) and the three-alkyl (3) reactions are not
considered here; they have been reviewed in some detail several times
, f. 25,53-59 before. 9
(b) Mercury-for-tin substitution reactions
Abraham and Spalding^ have shown that substitution of tetra- 
alkyltins by mercury (II) iodide in 961 aqueous methanol .proceeded by 
the rate-determining bimolecular reaction (7; X = I), followed by the 
subsequent rapid reversible reaction (8; X = I)
RitSn + HgX2 
R3SnX + HgX2
RHgX + R3SnX
R3Sn + HgX3
(7)
(8)
The substitution of a number, of tetra-alkyltins by mercury (II) iodide 
61was investigated; all of them proceeded by the rate-determining 
bimolecular reaction (7) and the relative rates for the symmetrical 
tetra-alkyltins follow the steric sequence:
Me »  Et > Prn - Bu11 > Bu1 »  Pr1
, 61
(9)
Abraham and Spalding concluded that the reaction follows mechanism 
Sg2 (open), through a transition state of type (I).
^SnR3 # ^-SnR3 <—  Solvent
RC or K
. — Hgl2_ ^Hgl2
(Ia) Ub)
f\2
Abraham and co-workers 9 later investigated the kinetics of the 
reaction (7; X = C£, OAc), (7 and 8; X = I) using various solvents such 
as methanol-water mixtures , t-butylalcohol and acetonitrile. They 
showed that the substitution followed second-order kinetics, first-order
in each reactant, and found the steric sequence of reactivity:
R = Me > Et > Pr11 = Bu11 > Bu1 > Pr1 (10)
This was suggested to be the characteristic of the Sg2 (open) mechanism 
with retention of configuration at the site of substitution.
„SnR3
K l  CiD
s 6-
NHgX2
It should be noted that the stereochemical outcome of the reactions has 
not been found experimentally.
The order of reactivity among the mercury (II) salts for reaction 
(7) (R = Et) in various methanolic solvents has been found to be:
Hg(OAc) 2 > Hga 2 > Hgl2 (11)
Bimolecular reactions between neutral molecules proceeding through
transition states in which charge separation occurs, would be expected
64to undergo increases in rate on addition of inert salts. Hence such 
reactions taking place by mechanism S^2 (open) should exhibit positive 
kinetic salt effects; if mechanism S^2 (cyclic) obtains then either 
no kinetic salt effects or only slight positive kinetic salt effects 
would be expected, since charge separation in a cyclic transition state 
will probably be only slightly greater than charge separation in the 
reactants.
Kinetic salt effects therefore present an extremely valuable method
of distinguishing mechanism Sg2 (open) from mechanism S^2 (cyclic) for
the case in which the reactants are neutral molecules. •
Kinetic salt effect studies on reaction (1) by Abraham et al,^ ^
using inert salts (tetra-n-butylammonium perchlorate and/or lithium 
perchlorate) resulted, in general, in a positive salt effect and 
confirmed the ’open* mechanism of substitution.
Any attempt to elucidate the complete mechanism of a reaction must 
include a determination of both the kinetics and the stereochemistry, 
under the same conditions.
The assignment of stereochemistry to reaction (4) with the use of 
optically active labelled substrates is not possible, because the very 
slow rates of reaction of the large (at least sec-butyl) optically 
active groups would demand great optical stability, and the subsequent 
isolation and characterisation of the products would be difficult. 
However, substrates such as Bu^CHDCHD-SnRs could be used, but the 
preparation of this compound is relatively difficult.
2. Halogenation 1
The carbon-metal bond is more or less readily broken by halogens 
(Y2) to yield the corresponding alkyl halide.
RMXn + Y2 — ---> RY + YMXn (12)
Halogenolyses of the alkyls of mercury and tin have been the 
subject of intensive kinetic studies, and, indeed, the work of Gielen 
and Nasielski on the halogenolysis of tetra-alkyltins is one of the 
classic investigations in the field of kinetics and mechanism of 
electrophilic substitution.
Nearly all of the kinetic work in halogenolysis of tetra-alkyltins 
is due to Gielen and Nasielski and to Taglavini, who have investigated
the brominolysis and iodinolysis of tetra-alkyltins using a variety of 
solvents where the kinetic methods and the results depend largely on the 
particular solvent employed.
The iodinolysis of tetra-alkyltins in solvent methanol was studied
69by Gielen and Nasielski who used a large excess of iodide ion in order 
to convert essentially all of the iodine into I3.
RitSn + 12 RI + R3SnI (13)
,65The mechanism of iodinolysis was suggested to be a simple bimolecular 
substitution of the tetra-alkyltin by iodine, proceeding by mechanism 
S^ 2 (open) through a transition state such as
6+ R ' 
,Sn —  R
X) >
'I— I6 -
f
(HI)
Evidence for an open, polar transition state of this type is 
69provided by the marked increase in the value of second-order rate 
constant with increase in the ionic strength of the solvent medium. The
70
salt effect on the reaction rate suggests that there is a substantial
69charge separation (in solvent methanol), and the assignment of 
mechanism S^2 (open) to iodinolysis of tetra-alkyltins in solvent methanol 
is reasonable. It should be noted that the stereochemistry of the 
reaction has not been obtained experimentally.
The reactivity sequence observed for a series of symmetrical tetra- 
alkyltins in iodination reactions was found to be as follows:
Me >> Et > Pr11 > Bu11 > Pr1 (14)
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In later work Gielen et al have investigated the iodinolysis of 
a number of unsymmetrical tetra-alkyltins of type RSnMea and RSnEt3 
(R = Me, Et, Pr11, Pr1, Bu11 and Bu*"). Second-order rate constants were 
observed for the above reactions and the product analysis of the resulting 
alkyl iodides resulted in the possibility of deteimination of the rate 
coefficient for the cleavage of particular alkyl groups from tin. The 
sequence of reactivity observed for the series of unsymmetrical tetra- 
alkyltins was found to be (14), the same as for the symmetrical ones.
69Gielen and Nasielski originally thought that the sequence of
reactivity shown in symmetrical tetra-alkyltins (14) was due to steric
interaction between the incoming iodine molecule and the leaving group,
SnR3, in the transition state. If this were so, then for the cleavage of
the methyl-tin bond in a series of compounds with different leaving
groups, the larger the leaving group, the lower should be the rate of
72
cleavage. Considering the work of Taglavini on unsymmetrical tetra-
o 73alkyltins at 35.3 C and comparing the adjusted rate coefficients with
Gielen and Nasielski’s results, it is clear that this prediction is not
true. The rate of cleavage of Me-Sn bond is almost the same in the
compounds Me-SnMe 3, Me-SnMeaPr1 and Me-SnBu?, and only when a tert-butyl
group or three isopropyl groups are introduced into the leaving group
does the rate of Me-Sn cleavage decrease. Therefore the sequence of
reactivity (14) is dominated by the effect of the alkyl group undergoing
substitution rather than by the effect of the alkyl groups attached to
the leaving tin atom.
Although the stereochemistry of the iodination of tetra-alkyltin 
has not yet been investigated, Jensen and Davis have studied the 
kinetics and stereochemistry of the reaction between tetra-alkyltins and 
bromine in the presence of bromide ion, the source of which was sodium 
bromide, in methanol, at 45°C.
Ri*Sn + Br2 RBr + RsSnBr (15)
In this work they^ provide stereochemical and kinetic evidence for the 
mechanism of cleavage of tetra-alkyltin compounds (RSnRJ; R = Me, Et,
Pr, Pr1, Pe1100 and R' = Pe1100) by bromine. They showed that reaction 
was second-order overall, and by using optically active sec-butyltri- 
neopentyltin they showed that sec-butylbromide was formed with inversion 
of configuration.
H
— Sn(CH2CMe3) 3 + Br2
CH3CH2
ch3 H
Br
MeOH Br + BrSn(CH2CMe3) 3
CH2CH3
(16)
In classic S^2 reactions, mechanism Sg2 (cyclic) must take place by 
retention of configuration. More interesting is the S^2 (open) reaction 
which can occur through transition states (IV) and (V), where there is no 
attachment, even through ligand, between the electrophile and the leaving 
group. Jensen and Davis suggested (V) as the transition state in the 
bromodemetallation of sec-butyltrineopentyltin.
R
5+
MXn
'Br— -Br
(IV)
t
6-  6+  
Br-— Br-— R— MX^
(V)
n t
A further suggestion of Jensen and Davis involves a correlation 
between the reaction rate sequence and the stereochemistry of substitution. 
According to these workers an S^2 (open) Inv. reaction should show a 
large steric effect which parallels the effect in S^2 reactions. They 
found that logarithms of the rates for a series of alkyl substituents
RSnPe?00 plotted against logarithms of the rates for typical S^2 reactions 
resulted in a straight line, and they proposed that,the bromodemetallation 
reaction occurs highly preferentially with inversion of configuration, 
through transition state (V). The effect of structure on reactivity is 
illustrated as:
R = Me > Et > Pr > Pr1 > Peneo (17)
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The two previous studies with optically active cyclopropyltin 
compounds have shown that halodemetallation occurs with retention of 
configuration. This was easily rationalised in terms of the known 
resistance of cyclopropyl derivatives to react with inversion of 
configuration.
26Recently Pereyre and Rahm have reported the bromodestannylation 
of sec-butyltrialkyltin compounds in a 1:1 cyclohexane-methanol mixture.
Stereochemistry of the bromodemetallation of 
sec-butyltrialkyltin compounds in methanol-cyclohexane
sec-BuSnR3 sec-BuBr Predominantstereochemistry
(R) -(-)-sec-BuSnCPr^ )3 R(-) Retention
(+)-(sec-Bu)^Sn S(+) Retention
(R)-(-)-sec-BuSn(3-pe) 3 R(-) Retention
(S)-(+)-sec-BuSn(Peneo) 3 R(-) Inversion
They have demonstrated that inversion is not a general trend for 
sec-butyltrialkyltin compounds and by extension for other tetra-alkyltins 
(eqn 14). Therefore, retention of configuration appears to be the 
predominant mode of reaction and the steric requirements of the neopentyl
group most probably are responsible for the special behaviour of 
sec-butyltrineopentyltin; the latter has been shown by Jensen and 
Davis^ previously.
Br;
EtCH(Me)SnR3
RBr + EtCH(Me)SnR2Br 
EtCH(Me)SiiR2Br + RaSnBrMeOi,C6Hi2 
(R = Pr1, Bus, Pe, Peneo)
26Pereyre has suggested the following transition states:
(18)
Me
%
Et R i t
i
Br— Br— C-------Sn------ solvent
H R \
(VI)
'  Jfc R
\
Et C-------Sn-----solventi
I
Br R R
Br
f H
%
Et
<5,
-C
A
Me R
R
Br------ :^r
+
(VII) (VIII)
X6 71Transition states (VI) and (VII) with nucleophilic assistance
of methanol at tin, corresponds relatively to inversion and retention of
configuration, while the closed transition state (VIII) in which the
78bond making and breaking are not necessarily synchronous will lead to
retention. Molecular models show that the front-side approach to the
carbon by the halogen is progressively hindered in (VII) when R groups
26are made bulkier. They have suggested that because of its greater 
steric requirements the neopentyl group is much more reluctant to occupy 
a position in the leaving group in (VIII), than is a sec-butyl group. 
With smaller R groups, the interactions are less severe and retention of
configuration could be preferred on energetic grounds. Thus they have 
suggested that retention of configuration probably is the main stereo­
chemical course of the bromodemetallation of tetra-alkyltins in the 
presence of methanol, but in special cases due to the steric requirements 
predominant inversion is possible.
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More recently, Gielen and Fosty have studied the stereochemistry 
of the bromodestannylation of several R3SnCHDCHDC(CH3) 3 compounds in 
dichlorobenzene at 25°C. They have suggested that at low bromine 
concentrations, the reaction goes through a cyclic transition state with 
retention of configuration:
R R
R3.Sn'- CHDCHDCCais) 3 + Brz :c„ - ^ n ^ — CHDCHDCCCHs)
R
R.
Sn-------CHDCHDCCCHb) 3
R
Br— —
L 5(+)
— Br
R1 Br 
(+)\ Br
Products
(19)
Retention
At high bromine concentrations, where the reaction involves two 
bromine molecules, inversion of configuration takes place.
R yHDC(CH3)3
Br2 + R3Sn - CHDCHDCCCHa) 3 ^— - B r ^  —  Sn*^—  CHD (20)
.CHDCCCHs) CHDC(CHC 3) 3 ~1
— Br
•«(-)
Inversion
-5> Products
(21)
Kinetic studies of the halogenodemetallation reactions of tetra-
79 80organotin compounds by Gielen and Nasielski, * has shown that the most
reasonable mechanism consists of a nucleophilic attack by solvent at the 
metal atom followed by the cleavage of the carbon-tin bond.
In nucleophilic solvents like methanol, an open transition state 
describes the reaction; this permits either retention or inversion of
(19), (20), (21), can lead to inversion, whilst an S^2 (cyclic) mechanism 
will result in retention.
There is therefore no general rule for the stereochemical course of 
halogeno lysis of alkyl-metal compounds (see the Stereochemistry Table, 
Part (b), p. 33).
configuration at carbon. Even in the less polar solvents like chloro- 
benzene the nucleophilic addition of a halogen molecule at tin, eqns
SECTION A
ELECTROPHILIC SUBSTITUTION BY ELECTRON- TRANSFER 
MECHANISMS, AND MECHANISMS INVOLVING 
PRIOR OXIDATION OF THE METAL
Introduction to electron transfer mechanism
Organometallic compounds are electron-rich species which are .
81generally subject to cleavage by electrophiles. The most common
pathway by which carbon-metal bonds [R - MXn] in organometallic complexes 
are cleaved is the electrophilic process shown schematically in eqn 1 
(compare to equations 21 and 22 in Section 1):
kE - +R - MXjj + E R - E + MX (1)
However, many organometals have relatively low ionization potentials and
82
an electron transfer mechanism represented in eqn (2) is also possible.
k . .- .
R - MX + E el> R - "+MX + E (2)n n
The rate is limited in the latter process by the ability of the 
organometal to function as an electron donor and the electrophile to be 
an electron acceptor.
After the initial charge transfer (eqn 2), the two ions, probably in 
a solvent cage, can react further by either (a) or (b) in eqn 3. These 
can occur by transfer of either a radical (R*) or a cation (R+) as given 
in eqn 3 (a) and (b):
.+ A *  [R - E, MX_] R - E + MX_ •
[E , R - MX h /  . . (3)
n [R - E, MX^] — > Further radical
reactions
The electron donating ability of organometals may be examined by various
83methods such as charge transfer techniques and photoelectron 
spectroscopy.
In the charge transfer (CT) spectrum, the absorption band due to 
the donor-acceptor complex is a measure of the energetics of an electron 
transfer from the electron donor (D) to the electron acceptor (A),
D: + A D+ , A (4)
leading to the formation of odd electron ions held together, where the 
stability of the complex should be dependent on the ionization potential 
of D: and the electron affinity of A.
Photoelectron spectroscopy relies on the ejection of an electron, 
and consequent formation of an ion, under the influence of a beam of 
radiation (5),
R — > R + + e (5)
In the photoionization method, the substance is irradiated with 
monochromatic light, e.g.-He(I), and the current generated by ionization 
is measured. Ionization potentials are an important property in 
physical organic chemistry in developing theories of the effect of the 
structure on reactivity. Ionization potentials are important theoretically 
because they correspond at least approximately to the energy of the 
highest occupied molecular orbital or atomic orbital of the system. Hence 
ionization potentials have been useful for evaluating MO theories. 
Conversely, molecular orbital concepts often are helpful in understanding 
the effect of structure on ionization potentials.
Application of ionization potentials to charge-transfer complexes is 
particularly valuable. Such complexes are achieving increasing importance 
not only as organic derivatives but in spectroscopy and reaction 
mechanisms. The bond strength in such complexes depends on the partial
or complete transfer of an electron from a donor to an acceptor; the 
energy required depends in part on the ionization potential of the 
donor molecule.
1. Evidence for the electron transfer mechanism
The formation and cleavage of carbon-metal bonds play important 
roles in the chemistry of organometallic intermediates. Electrophilic 
processes represent the most common pathway by which carbon-metal bonds 
are cleaved*^’^  (eqn 6):
■ ' K"
r - M + E+ — »• R - E + M+ (6)
86A quite different mechanism has been proposed by Kochi et al for 
some reactions involving organometallic compounds. On the basis of the 
relatively low ionization potentials of the organometallic compound, 
processes such as electron transfer (7) as well as other free radical 
processes are possible.
+
R - M + E+ .-*• [R - M* E‘] R. + M+ + E. , etc (7)
86They have shown that the reactions of a series of methyl/ethyl-lead 
compounds (Et^ _nPbMen, 4 > n > 0) with hexachloroiridate(r\T) as a one 
electron oxidant, at 25°C, in solvents acetonitrile or acetic acid 
follow second-order kinetics. The rate constant k2 increases progressively 
as methyl is replaced by ethyl groups in (Et^_nPb-Men), and a given ethyl 
group is cleaved more than 25 times faster than a methyl group. These 
two important criteria can be used to distinguish the reaction of tetra- 
alkyl-lead with hexachloroiridate(IV), which are dramatically opposed to 
electrophilic cleavage, from the more conventional electrophilic processes.
These results lead to the suggestion made by Kochi et al that the 
rate-limiting step with hexachloroiridate(IV) occurs prior to the alkyl
transfer. They ^proposed the mechanism given in Scheme 1, in which the
*
slow step (8).involves the charge transfer.
SCHEME 1
R„Pb + Ir1^ -  — » R^Pbt + Ir111^ "  (8)
R^Pbt fast> R. + R3Pb+ (9)
R. + Irn C2.6” £aSt^ RCa + lrn l a r  etc (10)
They have found a reasonable linear correlation of the rates (log k) 
with (i) one electron oxidation potentials determined electrochemically,
(ii) vertical ionization potentials, determined by He (I) photoelectron 
spectroscopy, and (iii) charge-transfer bands. All these three processes 
are related to the electron-detachment process (11) of the organolead 
compounds.
R<,Pb — =» RuPbt + e (11)
Table 1 gives the values obtained for the processes mentioned above.
TABLE 1
Rates and energetics of electron-detachment processes of
tetra-alkyl-leads by hexachloroiridate(IV}
PbMe Et n it-n
i ak2
(L mol ^ec""1)
Eb , (v) IPC, (eV)
Clf
(cm"1)
PbEti, 26 1.67 8.13
• ■
PbEt3Me 11 1.75 8.26 20,400
PbEt2Me2 3.3 1.80 8.45 22,000
PbEtMe3 0.57 2.01 8.65 23,000
PbMe^ 0.02 2.13 8.90 24,300
(a) Second-order rate constant in acetonitrile at 36°C.
(b) Potential vs. Ag/AgC£ reference at I = 1.0 mA cm"2.
(c) By He (I) PES.
(d) Charge-transfer bands of TCNE complex in 1,2-dichloropane.
Evidence for the formation of metastable cation radicals and alkyl
87radicals as intermediates is shown from spin-trapping techniques by 
observation of electron spin resonance (ESR) spectra of nitroxide 
adducts, and the chemical scavenging of alkyl radicals by hexachloro- 
iridate(IV).
In view of the abilities of other organometallic compounds to act
88 89as electron donors and electrophiles to be oxidants, other alkyl
transfer reactions assumed to proceed by electrophilic mechanisms, may
have important charge-transfer components.
90Later Kochi and Gardner have demonstrated that the insertion of
tetracyanoethylene (TCNE) into akly 1-metals can occur readily by an
electron transfer process (eqn 12). Insertion is an important reaction
of S-alkyl-metal complexes and generally occurs easily with unsaturated
91electrophilic molecules.
RMR3 + (NC)2C==C(CN) 2 — > R3M(NC)2CC(CN)2R (12)
Thus, the insertion of cyanoolefins into transition metal-alkyl 
bonded complexes derived from iron, chromium, nickel and molybdenum has 
been reported as well as insertion into alkyl-metals derived from 
nontransition elements such as mercury and magnesium.
The common mechanism for insertion into an alkyl-metal bond
considers TCNE to function as an electrophile, consistent with the well
92
known susceptibility of alkyl-metals to electrophilic cleavage.
90
Kochi and Gardner have chosen a series of organolead compounds
(PbEtnMe^_n 0 < n < e), to study the mechanism of the TCNE insertion. 
The kinetics were shown to be second-order overall, first order in each
reactant, and the second-order rate constants follow an excellent linear 
correlation with the vertical ionization potentials of Ri*Pb.93
90
They have shown that the insertion reaction of TCNE with organolead 
compounds proceeds by the following mechanism:
+
kz ^a^[R-TCNE“, PbR3]
R^Pb + TCNE  a- [TCNET + RPbR3t] (13)
[R-TCNE., . PbR3]
-*■' Products
TCNE inserts readily and quantitatively into only one R-Pb bond of 
tetra-alkyl-lead according to eqn (13).
For the insertion reaction a rate limiting process is given by the 
electron transfer mechanism, in which TCNE functions as an ir-acceptor.
The subsequent fast transfer of the alkyl group from R^Pbt to TCNE. is 
probably a cage process and occurs by transfer of either R. or R+ as 
given in eqns (13a) or (13b) respectively.
The distinction between these processes is not easily made and the 
nature of the cage process in the insertion reaction precludes the 
detection of free radicals. The efficiency of the alkyl transfer is 
remarkably high, but some leakage of alkyl radicals from the cage is 
possible.
94
Kochi et al have also shown that the cleavage of the C-Hg bond in 
a series of symmetrical as well as unsymmetrical dialky lmercury compounds, 
that is, R2Hg and RHgCH3 (R = Me, Et, Pr1 and Bu^ ) by hexachloroiridate(IV) 
in solvent acetonitrile and acetic acid proceeds through an electron 
transfer process.
A similar mechanism to that suggested for the reactions between 
tetra-alkyl-leads and hexachloroiridate(IV), Scheme 1, was again 
postulated. The possibility of cleavage of dialky lmercury compounds by
hexachloroiridate(W) , through an electrophilic reaction was ruled out, 
eqn (14):
R2Hg + IrCHf — » RHg+ + RC& + I r a f  , (14)
The second-order kinetics for cleavage indicate that R2Hg and only one
IrC^t” are involved in the rate limiting transition state. The other 
2 —
IrC£6 required by the stoichiometry must be involved in a fast 
subsequent step.
The second-order rate constant, k, should increase with increasing 
ease of electron detachment from R2Hg, and indeed these workers have 
found a good correlation between log k and the vertical ionization 
potentials of the organomercurials. The rate of cleavage is highly 
dependent on the structure of the alkyl group. The observed relative 
rates are as follows:
R = Me : Et : Pr1 : But
(15)
= 10°: 103: 10s: 106
They® showed that the observed selectivity is not consistent with 
direct attack on anr . alkyl-mercury bond. For example, in protonolysis, 
proton transfer takes place at least 102 times more slowly at the 
sterically hindered Bu'-Hg bond in Bu^HgMe than an equivalent Me-Hg bond 
in MeHgMe. In contrast, cleavage of Bu^HgMe and MeHgMe by Ir^C 6^ 
proceeds by a factor of 106 in favour of Bu^, which contrasts strongly 
with the pattern in electrophilic mechanisms. They suggested that the 
relative reactivities of R2Hg compounds can be employed in this manner &s. 
a diagnostic criterion to differentiate electron transfers from 
electrophilic processes, in cleavage by various reagents. ■
95Gardner and Kochi studied the charge-transfer spectra and the
alkylation of tetracyanoethylene with organometallic derivatives of lead, 
tin and mercury. The frequencies of the charge-transfer (CT) bands 
observed in the absorption spectra vary systematically with the metal 
and the alkyl groups, Table 2.
TABLE 2
Charge-transfer spectral data for alkyl-metal
cla-donors and tetracyanoethylene
Compound X (nm) max - J vcr c^m"^
PbMei* 412 24,3CX)
PbEt«f b -  .
SnMe* ~330 30,300
SnEt* 409 24,400
HgJ4e2 395 25,300
HgEt2 500 20,000
(a) In 1,2-dichloropropane.
(b) Unstable.
The reactivity of the complex in the series of tetra-alkyl-lead 
compounds studied increases in the order:
Me^Pb < Me3EtPb < Me2Et2Pb < MeEt3Pb < Et^Pb (16)
The disappearance of the CT bands is shown to be directly related to the 
insertion of TCNE into an alkyl metal bond.
The reactivity of tetraalkyltin and dialky lmercury compounds 
quantitatively shows the same dependence on alkyl substitution as those 
described for lead compounds; thus the rates for the ethyl substituted 
compounds are always faster than the methyl analogues. It is reasonable 
to conclude on this basis that TCNE inserts into alkyl-tin and
alkyl mercury bonds by an analogous electron-transfer mechanism.
The interaction of an electron donor with an electron acceptor may
lead to a variety of thermal processes including electron transfer,
covalent bond formation, etc. For the weak donor-acceptor interactions
95in the alkyl-metal-TCNE systems, Kochi, has assumed that in the 
disappearance of the CT bands, thermal reactions appear subsequent to 
electron transfer processes. In these systems, at least two factors 
(not necessarily independent) are important: (a) the stability of the 
cation radical derived from the alkyl metal, and (b) the ionization 
potential of the alkyl metal.
96 97In the ESR studies ’ of donor-acceptor interactions the only- 
paramagnetic species observed is the TCNE anion-radical and therefore 
the accompanying cation-radical must be short-lived.
Replacement of methyl groups in alkyl metals by ethyl or n-butyl 
groups increases their electron donor properties. Thus there is a 
general trend in the alkyl metals towards greater reactivity with TCNE 
as the ionization potential is lowered and as the stability of the 
radical-cation is diminished.
Moreover, many organometal species of other main groups as well 
as transition metals have relatively low ionization potentials, and the 
applicability of the electron transfer mechanism to these systems is a 
matter for further investigations.
Introduction to mechanisms involving prior oxidation of the metal
The cleavage of transition-metal-carbon bonds by electrophilic 
reagents such as halogens has been known for many years. However, the 
mechanisms of these reactions are still under discussion. A large body
halogen with retention of configuration at carbon atom. For this reason, 
the transition metal-carbon cleavage by halogens was alsp believed to be 
electrophilic in nature with retention of configuration at carbon.
Stereochemical studies have shown this not to be the case, for
proceeded with inversion of configuration at carbon.
A large number of recent publications suggests that this cleavage 
is oxidatively induced. It is becoming clear that oxidation of the 
metal weakens the metal-carbon bond, resulting in two principle modes 
of reaction.
In the oxidized state, the metal becomes a better leaving group in 
the sense of nucleophilic substitution at carbon, and the alkyl group 
is subject to S^2 nucleophilic substitution. The general reaction 
scheme is illustrated in eqns 17 and 18:
98of knowledge on organomercurials suggested an electrophilic attack by
Xf) f
example Whitesides reported that the cleavage of Bu CHDCHD-Fe(II)
m-1
R - N + MXn (17)
R -  MX
m
n R — N + MX,
m
n (18)
An interesting way of reviewing the process is in terms of reactivity 
patterns. The normal pattern (i) is reversed, allowing nucleophilic 
attack at the a-carbon atom (pattern (ii)).
+
(i) MX^ :R
+
(ii) R
It is not always clear whether the metal is subject to a one- 
electron or two-electron oxidation.
Oxidative addition followed by reductive elimination is a very 
similar mechanism to the one described above. It involves the initial 
oxidation of the alkyl transition-metal complex by the addition of the 
electrophile in two different ways:
of threo-PhCHDCHDFeCCO) '2-CTl5“C5H5), where the reaction proceeds with
Similar suggestions have been made by other workers, when retention is 
the major stereochemical outcome of the reactions.
In many cases it is very difficult to distinguish between the two 
mechanisms, whether the oxidized transition-metal follows the reductive 
elimination or nucleophilic substitution path.
R - M X n + E - N  — s-
m
E
|m+l
R — MX + N n RE + MXrN (19)
R - MX + E - N n
m
E
|m+2
MX_
I n 
N
RE + NM)^ (20)
99Slack and Baird have proposed this mechanism in the halogenation
retention of configuration at carbon, when the Fe-C bond is cleaved
2. Evidence for mechanisms involving prior oxidation of the metal
A large amount of recent work concerning the reaction of alkyl- 
transition metal complexes with halogens, proceeding with inversion at 
the a-carbon, has not been satisfactorily explained. It has been 
suggested that bimolecular electrophilic substitution, unlike bimolecular 
nucleophilic substitution, may proceed with either retention or inversion 
of configuration depending upon the size and character of the electrophile 
(see stereochemistry table in Section 2).
However, an alternative explanation might be that, in the cleavage 
of transition metal-carbon bonds, the electrophile does not directly 
attack the a-carbon, but oxidises the complex so that the actual carbon- 
metal bond cleavage is caused by a rapid subsequent nucleophilic attack 
at the a-carbon.
The transition metal complexes that appear to undergo oxidative 
cleavage generally fall into three categories: coordinately saturated d**, 
d6 and d8 systems. Mich of the research in the area of oxidative cleavage 
has been done with compounds of Co(III), which are d6 complexes.
100-102For example, Johnson reported that the oxidation products of
various alkyl [Co^^(dimethylgloximato)2] complexes with IrCilt (a one- 
electron oxidant), in the presence of external nucleophiles , readily 
undergo nucleophilic substitution with inversion of configuration at the 
a-carbon. The products of these reactions show a remarkable similarity 
to those obtained in the halogenation of the same alkylcobalt(III) 
complexes:
SCHEME 2
RCo*-111^  (dmgH^L + JX2 — a- [RCo^ IV^  (dmgh) 2L]+ + X '
RCo*-nl  ^(dmgH)2L + IrCif” — ^ [RCc/1^  (din^ f) 2L] + + IrCi-!'
[RCo(r^ (dm^)2L]+ + X" ► RX + Co(III) (dm#I)2L
dm$f = monoanion of dimethylgloxime 
X = CA, Br, I
The complex RCo^*^ (dmgtfhL failed to react with the added 
nucleophiles (X~) in the absence of the oxidant. The reaction of 
optically active alkyl-Co(III) with IrQ,*- or Br2 in acetic acid yielded 
the RX compounds with inversion of configuration at carbon.
Johnson has suggested that it seems probably that more than one 
mechanism may be operative for apparent electrophilic displacements of 
organo-transition metal complexes, and radical mechanisms may well 
intrude in those of the organocobalt (III) species. However, the high 
stereospecifity of these reactions and the close similarity between the 
nucleophilic displacements and the halogenations do suggest that 
oxidatively induced nucleophilic substitution may be an important 
mechanism in the halogenation of alkylcobalt (III) complexes.
103 100Halpem reported results similar to those of Johnson for the
2 —
cleavage of Co(III) complexes^with IrC&6 . He presented a mechanism
analogous to that in Scheme 2.
Recently Halpern^ established the complete rate law, eqn (21),
for the oxidation of various RCo^*^bis (dimethylglioximato) complexes
(i.e. R = C6H5CH2, n-C3H7 and I-C3H7), and in each case the rate law
conforms to the mechanism depicted in Scheme 3:
SCHEME 3
Co(III) - R + I x a r  v -- [Co(IXI) - R]+ + i r a r
k-i
+ ^2 +
[Co(III) — R] + H20 ■---- -> Co(II) + RQH + H
103This seems to support the earlier suggestions that the 
oxidation of (Co)R by IrC£6_ involves an initial one-electron transfer.
-d[(Co)R] kik2 [CCo)R] [IrCS.|-]
-------   =  rz--- (21)
dt k_ [IrCS.| ] + k2
It appears that the oxidative attack on Co (III) precedes and 
facilitates cobalt-alkyl bond cleavage. Further studies on electro­
chemical generation of suspected "Co (TV) intermediates” and their 
reactions with nucleophiles should firmly establish the generality of 
this mechanism.
One of the distinctive chemical properties of these organo- 
cobalt(IV) complexes is their susceptibility to nucleophilic attack at 
the metal-bonded carbon atom by species such as water or halide ion. 
This class of reactions is of considerable interest, both because 
nucleophilic displacement of metal-carbon bonds is uncommon, and 
because of the possible role of such reactions as steps in the halogen 
cleavage of metal-carbon bonds.
■ Halpem and co-workers'^ have recently demonstrated that 
organobis(dimethylglyoximato)-cobalt(III) can be oxidized to yield
corresponding cobalt (IV) radical cations which are stable in aqueous 
methanol at low temperature (< -50°C), which gives the opportunity to 
examine them directly, confirm their occurrence in the reactions and 
establish the stereochemistry at the cobalt bonded carbon atom.
These workers studied the reaction of C£~ with optically active 
1-methy lheptylbis (dimethylglyoximato) cobalt (IV), eqn (22):
TV + — + 2 +
[C8H17Co (dmgH) 2] + a  + 2H — > C8Hi7CJl + Go + 2dmgiz
C8H i7 = 1-methy Iheptyl (22).
Kinetic measurements confirmed that the disappearance of
+ +
[Ci8Hi7Co(dmgh)2] was strictly first-order in [(Ci8Hi7Co(dmg^)2)]
(k = 1.x 10”2 s”1), thus ruling out any significant contribution from the
second-order disproportionate decomposition pathways. Analysis showed
that 25% of the nucleophilically induced decomposition of 
TV +
[C8H i7Co (dmgfi)2] yields C8H i7C& according to eqn (22), while the
107remaining 751 yields octenes according to the stoichiometry of 
eqn (23):
[C8Hi7CoW (cta$02]+ + H+ — »  CsHxe + Co2+ + 2dm^I2 (23)
It was therefore demonstrated directly that C5,” does indeed induce the 
nucleophilic decompos ition of [RCo^]+ radical cations produced by 
oxidation of organocobalt (III) compounds, and that in this step cleavage 
of the cobalt-carbon bond occurs with virtually quantitative inversion at 
carbon.
Iron (II) complexes are generally high-spin systems unless strong 
ligand fields are present. Hence a one-electron oxidation would give a 
very stable high spin d5 Fe(III) system. The Fe(III) oxidation state is 
stable and well known. A one-electron oxidation mechanism (eqn 24) would
generate an Fe(I) leaving group, whereas the transfer of two electrons 
would generate an Fe(II) leaving group (eqn 25):
Fe(II) — R Fe(III) - R Fe(I) + R —  Nuc (24)
Fe(II) - R ~2ej- Fe(IV) - R  Fe(II) + R - Nuc (25)
Whitesides'^*’ has used n.m.r. techniques to ascertain that the 
halogenation (I2 or Br2) o£ threo- and erythro-ButCHDCHDFe(C0) 2(Ti5-C5H5) in 
chloroform, pentane or carbon disulfide, proceeds with inversion of 
configuration at carbon, forming the alkyl halide. Whitesides suggested 
several mechanisms,one of which involved an initial electron transfer, 
followed by an S^2 displacement.
/
Fe(II) Fe Br
3r
+ RBr
CO
On the other hand the reaction takes a different course in more
polar solvents such as alcohols, where oxidation with bromine, chlorine,
oxygen or Ce(IV), in methanol, gave the methyl ester Me3CCHDCHDCOaMe,
108with retention of configuration. Johnson has shown that various 
iron alkyls give esters in good yield upon treatment with alcoholic 
Ce(IV). This is in accord with the result of Whitesides, in polar 
solvents.
30 44
A similar mechanism to that of Whitesides ’ is proposed by 
109Attig and Wojcicki for the cleavage of complexes of iron with iodine; 
these result in partial epimerization at iron of both the unreacted complex 
and the resulting iodide, Scheme 4:
SCHEME 4
Ph Me
N
\
Me
PPh3
+ Mel
The observed eipmerization was readily accommodated by the above 
reaction scheme involving the intermediate. It was argued that such a
cleavage of transition metal-carbon a bonds by mercury (II) salts does 
not always follow (eqn 27):
In the electrophilic scission of n5-*C6H5Fe(CO) 2R by HgX2 
(X = Cl, Br or I) , the reaction can proceed in three different ways to 
afford products which are dependent on the nature of the alkyl fragment 
R, eqns (28), (29) and (30):
n5-C5H5Fe(C0)2R + HgX2 — >  n5-C5H5Fe(C0)2X + RHgX (28)
n5-C5H5Fe(C0)2R + HgX2 — / n5-C5H5Fe(C0)2HgX + RX (29)
n5-*C5H5Fe(C0) 2R + HgX2 — ^  ’Fe containing material1
+ |Hg2X2 + Organic products + CO
(30)
species might well be fluxional, giving rise to rapid configurational 
changes at iron.
Wojcicki and co-workers'^ have reported that the electrophilic
LnMR + HgX2 — LnMX + RHgX (27)
Accordingly, primary alkyl and aryl groups (R = Me, Et, CH2SiMe3, 
CH2CH2CMe3, Ph and p-C6Ht*0Me) cleave mainly via reaction (28); secondary
either exclusively or substantially by path (29), and the good electron 
releasing groups such as GH(CH3)2 and CH2C(CH3) 3 react by path (30).
Third-order kinetics, first order in n5-C5H5Fe(C0)2R and second 
order in HgX2, were found for reactions (28) and (29) in 1HF or iso­
propyl alcohol, whereas second-order kinetics, first order in each of 
n5-C5H5Fe(C0)2R and HgX2 were found for reaction (30).
For the reactions studied, the following mechanism, which differs
110markedly from those of an S^2 (Ret. or Inv) type is proposed; this 
involves reversible addition of HgX2 to the metal in n5-C5H5Fe(C0)2R, 
followed either by decomposition of the adduct to'products (path 31) or 
by reaction with another molecule of HgX2 to give the intermediate, 
which then undergoes reductive elimination of RHgX or dissociation of 
R+ to afford the observed products (path 32).
and tertiary alkyl, benzyl and allyl groups (R = CMe3 and CH(Me)Ph) react
Fe - R + HgX2^ = ^  (FejV — ^  iHg2X2 + [(FeHl]X (31)
L ^ H g X 2_
Ki ^R k!
decomp
(Fe£ +HgX2^ = ^  (FejV HgX3
^HgX2J L R _
R "1 K2 r -HgXl+
( HgX3 (Fe)—X + RHgX + HgX2
R '
HgXj + (32)
^  (Fe)HgX + RX + HgX2
(Fe) = R5-C5H5Fe(C0)2
However, when the reaction follows path (32), the rate determining 
step is k”, and the rate expression is as follows (eqn 33):
d[n5-C5H5Fe(C0)2R] k"K1K2[n5-C5H5Fe(C0)2R] [HgX2]
dt 1 + KiK2[HgX2]2
When the reaction follows path (31), and decomposes by the rate 
determining step k', the rate expression is as follows (eqn 34):
d[n5-C5H5Fe(C0)2R] k'Ki [n5-C5H5Fe(CO) 2R]IHgX2]
(33)
dt 1 + Ki [HgX2]
(34)
If KiK2[HgX2]2 «  1 and Ki[HgX2] «  1, eqns (33) and (34) reduce 
to eqns (35) and (36) respectively:
v = knK1K2[n5-C5H5Fe(C0)2R][HgX2]2 (35)
v = k'Ki [n5-CsH5Fe(CO)2R][HgX2] (36)
where k”KiK2 = k3 and k!Ki = k2.
IllFlood and Distani have studied the electrophilic cleavage of the 
Fe-C bond by halogens, and have reported that the reaction between the 
deuterated iron alkyl ri5-C5H5Fe(CO) 2CD2CH2Ph and Br2/CS2 at 0°C, 
Br2/CH2C£2 at -78°C, or I2/CS2 at 0°C produces equal amounts of the two
products resulting from carbon-iron bond cleavage: •
/CD2CH2C6H5
Fe. + X2 — > C6HsCH2CD2X + C6H5CD2CH2X (■77')
| CO  ^ J
(X) (1:1) ratio
Flood favours an oxidative addition by "Br+M followed by nucleo­
philic attack by the aromatic ring, displacing an iron-leaving group,
resulting in the formation of the phenonium ion. This cation may undergo 
attack by X~ at either methylene group, thus leading to the observed 
distribution of deuterium in the B-phenethyl halides.
CO Br
+ X -— > X + ► products (38)
CO
99
Slack and Baird have reported the halogen cleavage reactions of
the metal-carbon bond in the compound threo-PhCHDCHDFe(C0)2(n5“C5H5)
under a variety of conditions. The major product in most cases is the
threo- a,3-dideuteriophenethyl halide, and when the reactions are carried
out in methanol the corresponding methyl ether is produced as well as the
halide substrate. In all cases a very high degree of retention of
configuration was observed. A mechanism is proposed which involves
initial oxidation of the metal to give the intermediate
[n5-C5H5Fe(C0)2X(CHDCHDPh)]+, rather than direct attack of halogen on
the a-carbon atom, followed by reductive elimination of the threo-
phenethyl halide. The intermediate also yields erythro-phenethyl
halide, not by nucelophilic attack on the intermediate by the halide
99
ion, but more probably via non-chain radical processes. They have 
proposed that halogen cleavage of transition metal alkyl complexes 
containing non-bonding d electrons may generally proceed via initial 
oxidation of the metal, and that the S^2 (cyclic) mechanism for the 
cleavage of the main group metal alkyl compounds is a symmetry-forbidden 
process.
The mechanism proposed is demonstrated in Scheme 5:
SCHEME 5
R
C
A h i
/ K
OC 1 R 
C 
0
L(a) .
+ X + X‘
OC
+
+ RX
0
IV
+ 2X
Fe11 + RS
/ f \  
oc 1 X
c
0
The mechanism involves initial ’activation’ of the metal via 
oxidation by one- and/or two-electron transfer steps; RX could then be 
formed from (a) by several reactions such as by the homolysis of the 
iron-carbon bond to give a radical which could react with X’ with 
epimerization, or by direct attack on the a-carbon of R by X* or X~ 
both of which would be expected to proceed with inversion.
The predominant formation of RX with retention of configuration 
probably requires an intermediate such as (b), which has been
109hypothesized by Attig and Wojcicki for cleavage reactions of very 
similar iron compounds. Reductive elimination from (b) to give PhCHDCHDX 
and n5-C5H5Fe(C0)2X might well proceed with retention of configuration, 
although epimerization and inversion processes are also possible. '
The competition experiments in which more than one product is formed 
are informative. The presence of RC& in the products of the bromination 
experiments carried out in the presence of excess C£”, and ROMe in the 
halogenation in solvent methanol, suggest that substitution of the halide 
ion by either another halide or by solvent occurs competitively with the 
elimination. Although the alkyl chloride appears to be eliminated more 
readily than the alkyl iodide, iodide ion appears to be less readily 
displaced by methanol from the iron ion than does the chloride ion. Thus 
the product distributions appear to be determined by both the relative 
stability constants of the species in solution and by the relative ease 
of the reductive elimination steps.
112Recently Flood and Miles have suggested a similar mechanism as 
mentioned above for the electrophilic cleavage of the iron-carbon sigma 
bond.in the CpFe(CO) (PPha)R complexes (R = Me, Et, -CH2CO2 and -CH2O), 
by electrophiles such as Hgl2 also through an intermediate. Then, Hgl+ 
reacts with the intermediate with subsequent reductive elimination to 
form the products with retention of configuration at carbon.
113Coulson has demonstrated that unsaturated d8, Pd(II) complexes 
undergo carbon-palladium bond cleavage upon treatment with halogen, 
with retention of configuration at carbon. Whitesides^ has suggested 
an oxidative addition/reductive elimination sequence to account for the 
stereochemical observations of Coulson, Scheme 6:
SCHEME 6
• X
„JL X2
'Pd'"
X<^ I N r *
R -  X +
^JL
iW Nx'
L
114Stille has used bromine in methanol to cleave acy 1-palladium 
bonds (eqn 39):
jjgy. RCO2CH3 + L2C5,PdH (39)
l/  See.
(or Br)
Here again, the unsaturated d8 system undergoes oxidative addition,
subsequently reacts with solvent to give the ester, or by direct attack 
of the solvent on the oxidized palladium acyl species. There is no 
reason, however, to rule out a one-electron oxidative process.
The zirconium (IV) compounds (d° systems) are cleaved by halogens
by the same mediansim as that observed for the organomercury systems,
115with retention of configuration. Schwartz has studied the carbon- 
zirconium cleavage by Br2'and 12 to give the corresponding alkyl halides, 
with retention of configuration at carbon. He has also treated analogous 
acyl-zirconium complexes with Br2/MeOH or H202/QH~ to.give the 
corresponding esters and acids, which is thought to involve alkyl 
radical intermediates as well as nonradical pathways.
The zirconium is formally d° , Zr(IV), which makes an electron
transfer mechanism very unlikely, therefore Schwartz suggested that a
simple electrophilic attack via a closed transition state, such as that
82proposed for halogenation of organomercurials, is a reasonable one to 
account for retention at carbon.
followed either by reductive elimination of the acyl halide which
The unavailability of an oxidation mechanism changes the stereo­
chemical course of the cleavage reaction from that found with other 
oxidizable transition metal complexes.
SECTION 5
REACTIVITY OF THE BENZYL GROUP 
SUBSTITUTION REACTIONS
Introduction
The fission of a bond between a carbon atom and a leaving group X, 
can in principle occur in two ways, homolytically or heterolytically, 
which are fully discussed in the first section of the Introduction. The 
aim of the present section is to discuss the reactivity of the benzyl 
group, especially with respect to the reactivity of simple alkyl groups, 
in reactions that take place by homolytic (S^ ) and heterolytic (S^  and 
Sg) processes.
Carbonium ions are important inteimediates in such a broad variety 
of organic reactions in solution that an extensive literature"^ on this 
subject alone has developed. Their existance has been well established, 
and their properties documented. A carbonium ion is always generated 
as the result of some reaction. Dissociation of an alkyl halide can 
generate a carbonium ion.
r «  ->• r+ + a" (i)
The statement that one carbonium ion is more stable than another 
does not refer to the total energy content of the two carbonium ions, 
instead it usually means that AG° for carbonium ion formation is more 
favourable for one carbonium ion than for another. AG° for the 
formation of a carbonium ion is given by the equation:
AG° = AH0 - TAS° (2)
where AIT is generally assumed to be more significant than the term
There is one major factor which seems to account for carbonium 
ion stability, and which is related to the problem in quantum mechanics 
called 'the particle in a box', where the energy of the particle depends, 
among other things, upon the volume of the box; increasing the length 
of the box stabilizes the particle. If the particle is a charged 
particle, this implies that spreading out the charge is a stabilizing 
factor.
Delocalization of charge stabilizes the system, and therefore it is 
clear that carbonium ions such as benzylic carbonium ions are stable 
because the positive charge is effectively delocalized in these systems:
H H
V v H HV-
(3)
As far as the simple alkyl carbonium ions are concerned, in 
proceeding from the methyl to t-butyl carbonion ions hydrogen is replaced 
by methyl. The methyl group releases electrons more readily than 
hydrogen, the positive charge is more effectively delocalized in the case 
of the t-butyl carbonium ion, and this ion is more stable.
Both the theory of hyperconjugation and the inductive theory predict 
the following order of stability for carbonium ions:
Ohr
*
Oh ‘CH.
H
I
A (4)
H'
As an example, the hyperconjugation and inductive effect are shown 
for the ethyl cation:
/ H  V «
H CH2 =  C CH3-h-C
>H  N i
*
(Hyperconjugation) (Inductive effect)
The relationship between reactivity and structure of molecules or 
fragments of molecules is one of the most interesting problems in 
chemistry. The knowledge of bond dissociation energies, particularly 
the variation in bond strengths with changes in structure, leads to 
information on the reactivity-structure relationship. Data on hetero- 
polar bond dissociation energies for a number of compounds are listed by
XX y
Egger and Cocks, where AH0 is the enthalpy change involved in breaking 
one mol of a particular bond R-X at 1 atmosphere pressure and 25°C into 
two fragments, and is given by eqn (6):
RX ==* R+ + X" (5)
AH0 = AH° (RY + AH° (X") - AH° (RX) (6)
TABLE 1 
RBr(g) + R+(g) + Br”(g)
R Me Et Pr* Bu^ Benzyl
AH0 (Kcal mol"1) 219 184 164 149 157
By comparing the AH° values in Table 1, the benzyl cation is seen 
to be formed comparatively easily and the order of ease of heterolysis 
and therefore the order of S^l reactivity is expected to be as follows:
Bu1 > Benzyl > Pr1S0 > Et > Me ■ (7)
The hydrolysis of halides in water leads to production of a strong
acid by a pseudo-first-order reaction. The rate of this reaction is
dependent on the structure of the solute and on many other factors.
118Robertson has studied the kinetics of hydrolysis of alkyl halides in 
water; details are given in the following table:
TABLE 2 
Hydrolysis in water at 25°C
& 1 n
 
• 
• MsCX PrxCS. Benzyl CX. Bu^X
ki(sec*1): 2.39 x 10”8 2.12 x 10'7 1.32 x 10-5 2.98 x 10-2
SN: % 2 Mixed V
The results show that although the mechanism in the case of the
benzyl halide is not distinctively identified, it is obvious that the
benzyl group is more reactive than the methyl and less reactive than 
the t-butyl group, which agrees with the results obtained from the 
solvolysis in methanol given in the following table:
TABLE 3
Solvolysis in methanol at 25°C
ButC2.k 
7.94 x 10~7
'V'
a See Ref. 119
b See Ref. 120
R - CX: Benzyl CXa
kj(sec *): 6.63 x 10-8
SN: Mixed
Although there is some difficulty with respect to the actual 
mechanism of the benzyl halide solvolysis the results in Tables 2 and 3 
do indicate that the position of the benzyl group in the reactivity 
sequence (7.) is correct for the S^l reactivity.
Even in S^2 substitutions, where no free carbonium ion formed, there 
is carbonium ion character in tfie transition state and hence benzyl 
compounds are expected also to be reactive in S^2 substitutions as well 
as S^ jl substitution:
(8)
The S^2 intermediate can have different resonance foims as follows:
'  YY +'"  /y ' ■f ' VV-'
XN C x“
+
N" C X" .YN C x“ .V .N C X
. / v /V . /\ _ /V.;.
(9)
Parker has studied the S^2 reactivity of alkyl halides in detail; 
some of his results are given in Table 4:
TABLE 4
Second-order rate constants for RC& + N3 reaction
k2(& mol" 1 sec”1)
RC& + Nl — ---:— --- ---------------
MeOH IMF
7.9 x 10'7 1.6 x 10"3
5.0 x 10'5 1.2 x 10"3
From the results in the above table it is clear that the benzyl
122group is more reactive than the methyl group, yet it is known that 
the methyl group is the most reactive of the simple alkyl groups in S^2 
substitution reactions. Therefore the reactivity sequence can be 
written as follows for S^ 2 reactions:
Benzyl £ Me > Et > Pr > higher n-alkyl > Bu* > Pr1 > Bu1' > Peneo
(10)
Homo lytic bond cleavage of organic substances leads to the formation 
of organic free radicals. Information concerning the structure of organic 
free radicals comes from electron spin resonance experiments and 
information concerning their stability can be gathered from the AH0 values 
for bond breakage. The methyl radical has been studied extensively and the 
results show that the methyl radical is planar, sp2 hybridized, and that 
the odd electron is in the p orbital. In systems such as the benzylic 
system where it electronic delocalization is possible, the carbon atom is 
generally considered to be sp2 hybridized with the unpaired electron 
delocalized over the entire tt system. These radicals, where the electron
is more effectively delocalized, have greater stability than the
R = Me 
R = Benzyl
saturated radicals such as the methyl radical discussed previously.
For evaluating the radical stability for a series of hydrocarbons, 
one possibility is the comparison of the AH0 for homolytic bond 
cleavage.The more positive AH0 is for the reaction, the less easily 
is the radical foimed. This is demonstrated in the following table:
TABLE 5 
m(g) + R’(g) + H* (g)
R Me Et Pr1 Bu^ Benzyl
AH0 (Kcal mol”1) 104 98 95 92 85
As the bond dissociation energies indicate, the benzylic radicals 
are more stable than the saturated alkyl radicals. Since introducing a 
single phenyl group stabilizes the radical, introducing a second and 
third ought to stabilize the system still more:
t i
Ph3C\ > Ph2Or > PhCH2* > Bu* > Pr* > Et* > Me* (11)
This sequence shows the order of ease of homo lysis and therefore the 
order of reactivity in S^l substitutions.
117More work has been done by Egger and Cocks and is listed in the 
following table:
TABLE 6 
RBr(g) + R*(g) + Br*(g)
R Me Et Pr'*’ Bu1* Benzyl
AH0 (Kcal mol”1) 69.5 67.6 68 66.1 54.7
These results again show that the homolytic cleavage of the 
benzyl-Br bond, in terms of AH0, takes place more readily and easily than 
the other alkyl-Br bond cleavages in S^l substitutions.
Considering an S^2 (inversion) process, in terms of electronic 
configuration, the benzyl group would be a good stabilizing group, and 
therefore the reaction should be favoured, eqn (12):
R* + y  \
H
■C X
I
H
(
A
-a- R — X*
H
(12)'
The S^2 intermediate can have difference resonance forms as follows:
'  /Y ' f ’  /Y +.
"  iOY
R- C* *X
_  A _
< - >
R* C -X
_  A  _
R* *X
. A .
R* C *X
A
f
a3)
Carbanions are reactive intermediates of broad importance yin organic 
chemistry; there is consequently great interest in the reactivity of 
these ionic species. A carbanion is formed when a unimolecular 
electrophilic substitution occurs at saturated carbon, therefore a 
knowledge of the stability of carbanions is helpful in the understanding 
of the mechanism of electrophilic substitution at saturated carbon.
The stability of carbanions is measured by the standard enthalpy
change for the formation of the anion; the following table gives some 
calculated AH0 values:
TABLE 7
AH0 (Kcal mol”1)
Ref
Me Et Benzyl
RH + R* + H* 104 98 85 117
H* H+ 315 315 315 123
R* R” -26 -22 -21 124
RH + R + H 393 391 379 calc
So, in terms of AH0, the formation of the benzyl anion is favourable, 
and the ease of formation is as follows:
Benzyl” > Et” £ Me” (14)
A carbanion can be regarded as the conjugate base of the corresponding 
carbon acid and thus the acidities of hydrocarbons provide a very
125
convenient quantitative measure of the extent of carbanion formation:
Ph3CH > Ph2CH2 > PhCH3 > Alkanes / (15)
Here again it also seems that PhCH^ is formed more easily than R”
(RH = alkane). Experimental observations on S^l reactivities will be 
discussed later.
. Considering S^2 reactions, for example in alkyl-metal systems, it 
seems also that the benzyl group should again be quite reactive, at 
least in the Sg2 (inversion) reactions.
o/
H
MXn
H
E-5 C - — M ^ +!
/ V
H
H
Mfc'
(16)
where the intermediate can have different resonance forms as follows:
E C" ML,
/ V
E+ C MXq+
/ V
+
B' C ^
*
(17)
In terms of charge stabilization, it is thus expected that benzylic 
systems would be reactive in S^2 substitutions. The reactivity of the 
benzyl group is Sg2 substitution reactions is actually not well known, 
and will be dealt with separately later in this section.
126Traylor has described a theory for stabilization of carbonium 
ions or other cations, by delocalization of neighbouring a-bonds, without 
changing the geometry of the reactant, as the transition state is 
approached, by a mechanism termed ’Vertical Stabilization’.
Delocalization of a-bonds as C-H hyperconjugation, was first discussed in 
detail by Mulliken."^
A variety of chemical and spectroscopic evidence indicates that 
carbon-metal bonds stabilize neighbouring cationic centres by (vertical)
o-tt conjugation (I), rather than neighbouring nucleophilic participation 
(II):
s+f n
( W 6+ CH2.
CD (II)
129a-7r conjugation can be seen in different processes; u.v. maxima, 
charge transfer maxima, and electrophilic substitution processes by the 
excited-state or transition-state structures as illustrated below:
-CH- (<+)
ketal
TCNE 
—CH2
metal
\ j r
\
H V __
¥
(+)
ch2
\
\
"metal
U.V. CT Sg2
a-TT conjugation, like all other types of tt conjugation, requires 
coplanarity of the C-M bond and the axis of the electron-deficient tt 
orbital as in (III) or (IV):
MXn M)^
H
H
TCNE
' H
H
(III) (IV)
Therefore the benzyl-metalalkyl systems, where apparent carbonium 
ion formation is accelerated by a neighbouring carbon-metal bond
(->CH2MRn) should yield good examples of such stabilization. This has
130been shown by studies on charge transfer spectra by Traylor.
R f R 
\  + /  .
TCNE
(V)
1. S^ l reactivity
131-134Eabom et al have studied the cleavage of a number of
aralkyl groups from silicon, germanium and tin under the influence of 
aqueous or aqueous-methanolic alkali. The cleavage proceeds by 
formation of a carbanion, the latter then reacting with the solvent as 
in reactions (18) and (19):
Y0“ + R3M CH2Ar R3M0Y + CH2Ar (18)
feet
CH2Ar + HOY CH3Ar + OY" ' (19)
where Y~ may be H- or Me-. The cleavage of the organometallic substrate
follows simple first-order kinetics. A number of substrates with
substituents in the benzyl group were examined and it was shown that
131electron-withdrawing substituents markedly aided reaction.
1
The order of reactivity with respect to the metal atom is
Sn > Si > Ge, and the relative rate constants for cleavage of 
MesSnCHzCeHttX in 80% aqueous methanol at 50°C are as follows:*^.
X: p-C£ m-C£ p-Br H m-Me p-F p-Me
79 32.8 12.8 1.0 0.73 0.55 0.21
Thus electron withdrawing groups aid reaction. This sequence 
suggests"^ that there must be considerable negative charge on the 
leaving benzyl groups in the transition state, and bond-making and bond- 
breaking processes could occur as in (20):
Me
_  \  
Y0''-'*Sn
/ \
ffl2Ph
Me Me
Me
YO'6- —  Sn —
/  \ 
Me Me
6-
-CHzPh YO - SnMe3 +CH2Ph
(20)
The mechanism shown in C20) can be described as an S^2 substitution at 
tin, or as an S^l substitution at carbon catalysed by the ion OY .
135Eabom and co-workers have reported product isotope ratios for 
the cleavage of benzyl-silicon, benzyl-tin, and aryl-tin bonds using an 
equimolar mixture of MeCJi and MeOD as the solvent. A free carbanion 
would not be expected to discriminate between MeOH and MeOD in the fast 
step (19), and therefore the product isotope ratio k^/k^ should be unity. 
The values obtained showed that the carbanions are not entirely free, 
but there is some degree of electrophilic attack by the solvent at the 
benzyl carbon atom, which takes place as in (VI):
136Later Eabom and coworkers studied the solvent isotope effects 
in the cleavage of benzyltrimethyl-silicons and -tins by alkali, where 
the mechanistic choices can best be discussed in terms of the three 
steps (21-23):
Me3ICH2C6H a  + MeO"^=^[(MeO)Me3MCH2C6HitX]'" (21)
[(MeO)Me3MCH2C6Ha]’--- 5>MeOMMe3 + XCeH^CHl (22)
XCeH^CHl + MeOH---^XCeH^CHa + MeCf (23)
It is concluded that, in the cleavage of the tin compounds certainly, a 
free carbanion is not formed. It is suggested that the rate-determining 
step involves proton transfer from the solvent to the carbon atom of the 
breaking M-Q-^CgH^X bond, with the MeO-M bond fully or almost fully 
formed in the transition state, as shown below:
66 -  6 -
(MeO)Me3M — — XHzCeHa 
//
H'II
666“ OMe
(VII)
A good proportion of the negative charge must be located on the 
benzyl group.
An incidental result from Eabom’s studies is that in compounds of 
type PhCH2MMe3, the benzyl group is cleaved much faster than the methyl 
group, by a type of S^l process (compare Table 7 and sequence (14)).
2. Sp2 reactivity
Mercury for mercury exchange between benzylmercury(II) bromide and
137 138 ’*mercury bromide in quinoline were shown by Reutov * to be second-
137 138 rorder overall, first-order in each reactant. Reutov 9 suggested
that a complex of mercury Cl I) bromide with quinoline, Q, was the actual
electrophile, and therefore the possibility of benzyMercury(II) bromide
139reacting via a quinoline complex could not be excluded. Later, the
exchange in DMSO was investigated; the rate is higher than quinoline,
but the order of reaction remains the same, second-order overall. From
137 138the substitution effects studied, ’ it was shown that electron- 
donating substituents aid the reaction by increasing the charge density 
at the carbon atom undergoing substitution, and therefore facilitating 
the attack by electrophile. The reaction is strongly catalyzed by 
bromide ion in DMSO, and the higher the concentration of bromide ion, 
the higher is the rate.
Iodination of benzylmercury(II) chloride in the presence of
140
iodide ion has been studied by Reutov in 701 dioxane and 30% water 
as the solvent.
CsHsCHzHgCJ. + I2 C6H5CH2I + HgCS.1 (24)
The reaction followed second-order kinetics, first-order in each 
reactant, and the rate was independent of iodide ion source or' 
concentration.
Benzylmercury(II) chloride is also cleaved by hydrogen chloride
142with the stoichiometry:
CeHsCHzHga + HCfc — ^  C6H5CH3 + HgC&2 - (25)
The observed kinetics are second-order overall.
The reaction of a series of meta and para substituted benzyl-
trimethyltins with sulfur dioxide in anhydrous methanol at 30°C has
i 143been studied kinetically by H n.m.r. techniques by Kitching.
Insertion occurs exclusively into the benzyl-tin bond, irrespective 
of substituent, and the reaction exhibits good second-order kinetics.
The striking feature of the reaction is the relative insensitivity of 
rate to substituent, with small change occurring passing from electron 
donating groups, e.g. CH3, to electron withdrawing groups, e.g. CF3.
This suggests that the reaction mechanism is changing with substituent, 
with charge developing so as to be best dispersed by the substituents.
The reaction studied can be represented as follows:
RCeH^CHz - Sn(CH3)3 + S02 — ^ RCeH^CHz - S(0) - 0 - Sn(CH3)3
(26)
where R = H, m- and p-CH3, m- and p-C£, m- and p-OCH3, m- and p-CF3.
The observation that the benzylic carbon is far more susceptible
to attack by S02 than is the methyl carbon, is in line with the
possibility that there is some negative character at carbon in the
transition state, (CH2~ — Sn ). This contrasts with the situations
for HgX2 and CF3COOH cleavage of benzyl tins, where CH3 - Sn and
144benzyl - Sn cleavages proceed at comparable rates.
Preliminary investigations by Kitching'^ showed that the kinetics 
of the reactions of benzyltrimethyltin with I2 and HgC&2 as electrophiles 
could not conveniently be followed by n.m.r., although it was clear 
that I2 showed a strong preference for benzyl cleavage over methyl 
cleavage, while HgC£2 was not particularly discriminating; no further 
details of these reactions were given. The same substance was cleaved
by acetic acid, as shown below, far too slowly for convenience, but did 
react with CF3COOH in benzene with a sufficiently convenient rate to be 
studied*^ by n.m.r. techniques.
(CHs^ sSnifflaCeHs'+ CF3COOH -
(CH3) 3SnOCOCF3 + C6H5CHs
kz (CH3) 2Sn0C0CF3CH2C6H5 + CH.,
(27)
Statistically, the probability of the cleavage of the methyl group 
is three times as much as the cleavage of the benzyl group. Taking the 
statistical factor into consideration, it was found that for the 
unsubstituted PhCfkSnMes compound ki = 0.0073 min”1 and k2 = 0.0019 min 1 
(each of these is the pseudo-first-order rate constant). For most of 
the substituted benzyl compounds, ki was also larger than k2 and for 
the m-Me or m-OMe compounds, cleavage of the benzyl group takes place 
exclusively.
It is known that the sequences of reactivities of organic groups
in compounds of the type RMX^ are different according to the nature of
146the metal in the organometallic compound. The reaction of RSn(013)3 
with HgC£2 in dimethyl sulfoxide has been studied polarographically at
T A *1
25°C by Reutov and his coworkers. In order to judge the reactivities 
of organotin compounds RSn(CH3) 3 on the basis of the kinetic results 
obtained, it is necessary to determine the nature of the group split 
off in the reaction studied, since in principle the reaction can take 
place in two different directions, as a result of which either CH3HgC& 
or RHgCil can be foimed. A summary of the results with HgC&2 in DMSO 
is given in Table 8:
TABLE 8
(CH3)3SnR + HgCS,2 in DMSO, at 25°C, y= O.l147
\ Compound Group split off
Rate of reaction 
increases
(Oi3) 3SnCF3 ch3
(Oi3) 3SnCeF5 C6Fs
(CHS) sSnCHaCeHs ch3 •
(CH3) 3SnCi*Hg ch3
(CH3) i*Sn ch3
(CH3) 3SnC6H5 C6Hs
(CH3) 3SnCH ® CH2 CH = CH2
(CH3) 3SnCH2CH = CH2 CH2 = chch2 . >
(CH3) 3SnC = CC6H5 C6HsC = C
(CH3) 3Sn CN CN \! . '
In Reutov’s work‘d the reaction products were identified
polarographically, and the half-wave potentials (E-,) of the reaction
2
products were measured in comparison with the (E-,) values of known
2
compounds. It was reported that in the reaction studied, only one 
direction is realised, and the products (RHgC£ or CH3HgCil) are formed 
practically quantitative yield. Some of the results are given in more 
detail in the following table:
TABLE 9
Values of the rate constants and E-, for the reaction of
2 n 147
RSn(CH3)3 with HgC£2 in BMSO, at 25°C, y = 0.1
(CH3)3SnR
Group
split
off
k2
(5, mol” 1 sec-1) Product Ei, V2
(CH3)i,Sn ch3 4.5 CH3HgCil -0.58
(CH3) 3SnC4H 9 ch3 3.47
CH3HgCil
(C,H9Hga)* /—
\ 1 
1 
0 
0
 
. 
.
Cn 
cn
 
OO
v_
/
(CH3) 3SnGH2C6H5 ch3 1.95
CHsHgCil 
(C6H5CH2Hga) *
-0.58
(-0.32)
The values of E-, of the compounds that could be formed if the 
2
reaction took place in the other direction are given in parentheses.
Reutov suggests that in the case of compounds (CH3 ) 3 SnCi*H9 and 
(CH3)3SnCH2CeH5 a methyl group is split off because of steric factors 
in the first compound and the greater nucleophilicity of the methyl 
group than of the benzyl group in the second compound.
148Later, Reutov studied the reaction of RSn(CH3)3 with HgC£2 m  a
protonic solvent, methanol, at 25°C, where [R = CH3, C6H5, CH2 = CH,
CH2 = CHCH2 , C6H5CH2, CeF5]. The kinetics and product analysis were
followed and identified polarographically, in the same way as in 
147DMSO. In the series of compounds studied, the reaction takes place 
only in one direction and the group R is split off, by formation of 
RHgC£, Table 10:
TABLE 10
(CH3) 3S11R + HgCS.2 in Me®, at 25°C, y = O.l148
Compound Group split off
Rate of reaction 
increases
(CH3) i*Sn 
(CH3) 3SnC6Fs 
(CH3) 3SnC6H5 
(CH3) 3SnCH = CH2 
(CH3) 3SnCH2CH = CH2 
(CH3) 3SnCH2C6H5
CH3
c6f5
c6h 5
CH2 CH 
CH2 = CHCH2
c6h 5ch2
The sequence of reactivities in methanol, with the exception of 
C6H5CH2, approximately corresponds to the sequence obtained in DMSO. 
The benzyl group is cleaved so fast, that under the conditions used 
the rate could not be measured.
147
TABLE 11
Second-order rate constants of the reactions with 
Hga2in Me®, at 25°C, y = O.l148,
(CH3)3SnR Group split off
k2
(Z mol-1sec"1)
(CH3) i*Sn 
(CH3) 3SnCH2C6H5
ch3
c6h5ch2
0.97 
very fast
From the results obtained for the reaction of (CH3)3SnR with 
HgC&2 in the case where R = C6H5CH2 it is shown that in solvent DMSO 
the benzyl group is not cleaved and one of the methyl groups is split
off, and in solvent MeCH the benzyl group is removed only, but very fast, 
and therefore the rate cannot be measured. So in neither of the cases 
can the reactivity of the benzyl group be established.
r
It is not clear why HgCX2 should split off the benzyl group (1001) 
from C6H5CH2Sn(CH3) 3 in methanol and the methyl group (1001) in DMSO. 
Reutov does not give any explanation for this reversal of reactivities, 
nor for the very large reactivity of C6H5CH2Sn(CH3) 3 in methanol compared 
with DMSO.
Among electrophilic substitution reactions in organometallic
chemistry, the iododemetallation reaction is one of the most investigated.
The effects of the nature of the alkyl group and solvent in the reaction
of Ri*Sn (R = CH3. C2Hs, C3H7, iso-C3H7, Ci*H&) with iodine have been 
79 149 150investigated. 9 9 There is , however, a relatively small number
of papers oni iodination of RSriRJ systems, where the leaving group can in
71 151 152principle vary, depending on the conditions. 9 Reutov has studied
the iodination of a series of organotin compounds (CHgjgSnR, in DMSO, at
o 3.5225 C, in the presence of I . The kinetics of iodination were followed
spectrophotometrically, using the absorption due to the 13 anion
(X = 370 nm); it was found that the reaction was second-order overall,
first-order in each reactant.
To compare the reactivity in the RSn(CH3) 3 series, it is necessary 
to establish by which possible route the reaction proceeds to form the 
products. As is shown in Table 12 the reactions can proceed in both 
ways, depending on the substituent, to foim RI or CH3I, quantitatively.
TABLE 12
Reaction of RSn(CH3)3 with I2, in the present of I , 
in IWSO, at 25°C152
Compound Group split off
Rate of reaction 
increases
(CH3) 3SnCF3 ch3
(CH3) 3SnC6Fs C6Fs
(CH3) 3SnCitHg ch3
(CH3) i*Sn CHb
(CH3)3SnCH2C6H5 ch3
(CH3) 3SnCeH5 c6h5
(CH3)3SnCH = CH2 CH2 = CH
(CH3)3SnC = CC6H5 C6H5C =  C
(CH3)3SnCH2CH = CH2 ch2 = chch2
(CH3)3SnCN CN \
The products of the reactions have been analysed by gas-liquid 
chromatography and n.m.r. spectroscopy; some of the results are given 
in detail in Table 13:
TABLE 13
Rate constants of the reaction of (CH3)3SnR with 12 
in the presence of I" in DMSO, at 25°C, y = 0.025^^
(CH3)3SnR Group split off k2(& mol ^ec
(CH3) «+Sn CHs 52.5
(CH3) 3SnC«tH9 CHs 48
(CH3) 3SnCH2C6H5 CH3 153
In the case of (CH3) 3SnCi*H9 the quantitative formation of CH31 was 
demonstrated by g.l.c. The compounds (CH^Sn and (CH3) 3SnCH2C6H5 were 
studied by n.m.r., where it was found that the chemical shifts of the 
possible products (CH3) 3SnI and (CH^SnQkCeHsI were the same v 
(6 = 0.82 ppm). The analysis in the case of (CH3)3SnGH2C6H5 was carried 
out by observing the integral intensity of the (CH3)3Sn group. If this 
were unchanged, then only (CH3) 3SnI would have been formed, but if the 
intensity were reduced by one third then formation of (CHs^SnCFkCeHsI 
would be indicated (as observed). Because only the methyl group was 
found to be cleaved from (CH3) 3SnGH2C6H5, the reactivity of the benzyl 
group cannot be obtained.
153Later, Reutov studied the iodometallation of a series of
RSnRJ compounds in methanol, where the kinetic studies were performed
spectrophotometrically by following the I3 anion concentration at
357.5 nm. It is known from the literature that the reaction of R^Sn
79with iodine in methanol is a second-order reaction, and in the case
153of RSnRg Reutov showed that the reaction with iodine in the presence 
of I" remains a bimolecular process.
In order to find out which group is split off, products of the
reactions were analysed by n.m.r. and g.l.c. methods, but the only
152details referred to are those given earlier on the iodination 
reaction in EM50. A summary of the results is given in the following 
Table 14. As shown in this table, in almost all of the cases the 
group R is split off, except in the cases where R = C^Hg and C6H5CH2, 
where a methyl group is removed instead; therefore the reactivity of 
the benzyl group from this set of data cannot be obtained.
TABLE 14
RSn(GH3)3- + I2, in the presence 
in MeOH, at 25°C153
of I“,
Compound Group split off
Rate of reaction 
increases
(CH3) i+Sn , ch3
(CH3) aSnCi^ Hg ch3
(CH3) 3SnC6F5 c6 f 5
(CH3) sSnCHzCeHg ch3
(CH3) 3SnCH = Oi2 CH2 = CH
(CHaDsSnCeHsi C6H5
(CH3) 3SnC = CCsHs C6H5C e C
(CH3) 3SnCN CN ■ \
154In a continuation of this work, Reutov has studied the iodi- 
nation of a series of RSriRj compounds in carbon tetrachloride. The. 
rates were followed spectrophotometrically, and in the cases where the 
reaction rate was very high kinetics were studied by the stopped flow 
method. By variation of the concentration of the reagents, it was 
shown that some of the reactions have overall third-order kinetics, 
first-order in the organotin compound and second-order in the iodine 
(which is in agreement with Eabom’s work‘d ) , and some of the reactions 
are second-order, first-order in each of the reactants.
By g.l.c. and n.m.r. methods Reutov‘S  showed that in all of the 
investigated RSn(CH3) 3 compounds the reaction proceeds by quantitative 
formation of (CH3)3SnI and RI only; no more details are given for 
identification of the product. Results are classified in the following 
table:
X\JL
TABLE 15V —
RSn(CH3) 3 + I2 in CC&4, at 20°C, X = 520 nm^
Group 
split off
Rate of reaction increases
Compound
k3 k 
(£2mol~2sec’’1) (£ mol”
2
^ec”1)
(CH3) ifSn ch3 very slow --
(CH3) 3SnC6F5 C6Fs
(CH3) 3SnCH2CeH5 c6h 5ch2
CCH3) sSnCH = CH2 CH2 = CH
(CHsDsSnCeHs c6h 5
(CH3)3SnC = CCsHs c 6h 5c = C
(CH3) 3SnCH2CH = CH2 CH2 = CHCH2 f
(ai3) 3SnC9H 7 C9H7
CCH3) 3Sn(cyclo-C5H5) cyclo-CsH5
(CH3) 3SnCN CN \!
As shown in the table it can be seen that the reactivity of
RSn(CH3) 3 varies, depending on the nature of R, and in the case of
compounds containing strong electron withdrawing groups (R = C9H7,
cyclo-C5H5, and CN) the reaction has overall second-order kinetics.
However, there is no doubt that the reaction mechanism changes ^
153substantially on passing from the polar solvents to carbon tetra­
chloride. This can be seen by the change in overall reaction order 
from second in polar solvents to third in nonpolar solvents.
It can be supposed that in the case of the third-order reaction 
the complex RSn(CH3) 3*12, formed with participation of the Tr-electron 
system of the group R with a second molecule of iodine,reacts in
a rate controlling stage. When such complex foimation is impossible, as 
in the case of (CFUJvSn, the reaction rate is extremely low, and this 
agrees with the observed second-order in I2.
In the reaction of C6H5CH2Sn(CH3) 3 with iodine in carbon tetra­
chloride the benzyl group is cleaved with very high reactivity compared 
to the methyl cleavage in (CH3)i*Sn, yet in the reaction of this compound
1C9 1 zz
in DMSO and M3QH the rupture of the CH3-Sn bond occurred and the 
methyl is cleaved. Reutov‘S  suggests that this may also be due to 
preliminary complex formation with iodine in the employed solvent.
It is suggested that in the iodination reactions in carbon tetrachloride 
contact ion pairs (R”M+) take part in the reactions.
Bromination of a series of organotin compounds RSn(CH3) 3 in
dimethyl sulfoxide in the presence of Br” was also investigated by 
* 156
Reutov and his coworkers. The kinetics were followed spectrophoto-
metrically and it was shown that the reaction with bromine is overall
second-order, first-order in each reactant, and that the active electro-
philic reagent during bromination reactions is only molecular bromine.
A similar conclusion was reached during investigation of the bromo-
149
demetallation of tetra-alkyltins (R^ Sn) in dimethylformamide. The
products of the reactions were identified by n.m.r. and g.l.c. methods,
but no more details are given about the identification of the products,
except mentioning that the full experimental details are given dn the
152iodination reactions in DMSO.
The groups cleaved are shown in the following table:
TABLE 16
Reaction of RSn(CH3) 3 with Br2, in the presence of Br”, 
in DMSO, at 25°G, u = 0.025156
Compound Group split off
Rate of reaction 
increases
(CH3)ifSn CH3
(CH3) 3SnC6F5 c6f5
(CH3) 3SnCH2C6H5 ch3
(CH3) 3SnC6H5 c6h5
(CH3) 3SnCH = CH2 CH2 * CH
(CH3) 3SnCH2CH = CH2 GH2 = CHCH2 t ;
As can be seen from Table 16, except for R = C6H5CH2, where CH3Br
is formed quantitatively, the Sn-R bond is broken in the reaction to
fom RBr as the reaction product. A similar behaviour has been observed
152in the iodination reaction. For the cleavage of the methyl group 
the reactivity of benzyltrimethyltin is somewhat higher than that of 
tetramethyltin.
The order of variation in the reactivity of RSn(CH3) 3 in reaction
with bromine agrees completely with the order obtained in the iodination
reaction. From the results obtained it follows that these reactions
have practically the same selectivity, and this is interesting,because
bromine is a stronger electrophilic reagent than iodine, and a decrease
157 158in the selectivity of the reaction could be expected. 9 . .
3. Conclusion
In Sgl substitution reactions as expected and shown in the literature, 
the reactivity of the benzyl group is very high compared to the other alkyl 
groups, but in S^2 substitution reactions the relative reactivity of the 
benzyl group is -not clear. A summary of Reutov’s results on the benzyl 
reactivity is given in Table 17 (p. 106). As can be seen from this Table, 
in two cases the reactivity of the benzyl group is very large compared to 
the methyl group, and altogether, in three cases including Kitching’s 
work, the benzyl group is cleaved much faster than a methyl group-in 
benzyl SnMe3. In the other four cases the methyl group is cleaved, and 
indicates a higher reactivity of methyl compared to benzyl. Therefore, 
from Reutov's studies, no general conclusion can be drawn on the reactivity 
of the benzyl group in S^2 reactions.
A summary of electrophilic substitution on other organometals 
than organotins by different electrophiles is listed in Table 18 (p. 107).
It is clear from the results in this Table that in all of the cases 
where the reactant is a mercury substrate, the methyl group is very 
reactive compared to the other alkyl groups and that the reactivity of 
the benzyl group is about equal to that of the Pr11 or Bu11 groups. This 
might be due to steric effects, which are perhaps almost the same for 
the three groups mentioned, where in all these three cases a methylene 
group is attached to the metal. The methyl group does not fall into 
this category, and has a much smaller steric effect and hence a high 
reactivity compared to the other alkyl groups.
On the other hand it can be deduced that the ’VerticaLStabilization’ or 
* 6—tt conjugation term’is not operating in the series of compounds containing 
the benzyl group, because this should lead to a very high reactivity of 
the benzyl group (which is not observed).
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In general (see Table 18), the benzyl group is cleaved more slowly 
than the methyl group and at about the same rate as a n-Pr group.
However, in one case, the cleavage of benzyltrimethyltin by HgC&2 in 
DMSO (see Table 17), the benzyl group seems to be removed much more' 
easily than the methyl group.
In the S02 insertion reactions in liquid S02 as the solvent, the 
methyl group is more reactive compared to the benzyl group, but at the 
same time less reactive than the other simple alkyl groups. The 
neopentyl group reacts much more slowly than the methyl analogue.
Passing from inorganic solvent to organic solvent chloroform, in S02 
insertion, as shown in Table 18, a large change of reactivity is 
observed, where the benzyl group is cleaved very slowly compared to the 
rate of cleavage in liquid S02 , and the reactivity of the benzyl group 
is much less than the neopentyl group which is about thirty times more 
reactive than the methyl group in liquid S02 . This observed reversal of 
the relative reactivities of the neopentyl and methyl compounds on going 
from liquid S02 to organic solvents suggests that there may be a 
difference in mechanism in the two types of reaction media. In any case 
it is still not very clear what is the mechanism of the S02 insertion.
As a conclusion, in all of the cases given in Table 18, the reactivity 
of the benzyl group is less than the. methyl counterpart, which can be due 
to the steric effects of the groups.
The iodination reaction, where the benzyl group is about four times 
more reactive than the methyl group, can be explainable in comparing with 
the other mentioned reactivity orders by the fact that either the 
’vertical stability’ or the polar factor is operating, which can lead to 
the observed high reactivity of the benzyl group.
Therefore it is clear that in S^2 reactions no general conclusion 
can be drawn for the reactivity of the benzyl group either in organotins 
(Table 17), or in the other organometals (Table 18).
One of the objects of the present thesis is to attempt to deduce 
the reactivity of the benzyl group in comparison to simple alkyl groups, 
and to evaluate the previous work described in this section.
DISCUSSION
SECTION 6
REACTIONS OF BENZYLTRIALKYLTINS WITH 
MERCURY(II) SALTSj IN METHANOL
Reactions of benzyltrialkyltins with mercury(II) salts in methanol
The purpose of this work is firstly to establish the stoichiometry 
and mechanism of the reaction between benzyl trialky Itins (alkyl = Bu11, 
Pr11, Et, Me) and mercury (II) salts (anion = C& , OAc ), in methanol by 
identification of the productsy and by kinetic studies, and secondly to 
establish the reactivity of the benzyl group as compared to simple alkyl 
groups in this reaction.
The reaction between benzyltrialkyltin and mercury(II) salts in 
methanol can in principle take place in two directions, (a) and (b), 
depending on the nature and reactivity of the group split off; as a 
result either C6H5CH2HgX or RHgX may be formed.
CeHsCE^SnRa + HgX2
(a)
- >  CeHsCHzHgX + R3SnX
(b) t1).
- 1 >  RHgX + C6H5CH2SnR2X
R = Bun, Pr11, Et, Me 
X = a, OAc
Product analyses of these reactions are described in full detail 
in Section 13. The products of the reaction with Hg (OAc) 2 were 
converted to the corresponding chlorides during extraction. The products 
were isolated and identified by m.p., n.m.r. and C% and H% analysis.
In the cases where R = Bu11, Pr11 and Et in both series of reactions 
(X = C&, OAc), the product isolated was identified as the pure white 
crystalline compound C6H5CH2HgCJ£, in ^ 90% yield, having m.p. = 104°C.
The n.m.r. spectra absorption at 6 = 7.25 ppm and 6 = 3.25 ppm was in 
the ratio of 5 : 2  in terms of integral intensity, corresponding to the 
five protons of the ring and two protons of the methylene group 
respectively.
The presence of mercury satellites spread symmetrically about the 
methylene absorption peak indicates that the methylene group is attached 
to the mercury atom = 256 Hz. The Cl and HI analysis was in
the range required for C7H7HgC£.
Therefore, from the product analysis it is clear that in the cases 
R = .Bun, Pr11, Et, the reaction proceeds by path (a), by cleavage of only 
the benzyl group and not one of the other alkyl groups, to form 
benzylmercury(II) chloride.
CeHgCHaSnRs + HgX2 -- ^ C6H5CH2HgC£ + R3SnC£ (2)
In the case of R = Me, the situation was different from the reactions 
above and the general procedure applied for product analysis failed for 
the identification of the expected product, benzylmercuiy(II) chloride. 
Another product analysis was carried out on the reaction (details are 
given on p. 192), and the crude product appeared as a white crystalline 
paste, the n.m.r. spectrum of which showed the presence of methyl- 
mercury(II) chloride at 6 = 1.05 ppm with the mercury satellites 
symmetrically disposed. Another product analysis was carried out in 
d^-MeOH in an n.m.r. tube, with the n.m.r. spectrum taken immediately 
after mixing. This indicated the very fast formation of methyl- 
mercury (I I) chloride only at 6 = 0.87 ppm, and not benzylmercury chloride 
(see p.297) . The reaction mixture was left in the dark for two days and 
the spectrum taken then showed an obvious change; the MeHgC£ absorption 
peak disappeared, and other new peaks were formed.
Therefore the above analysis shows that in the reaction of 
C6H5CH2SnMe3 with HgX2 (X = C£, OAc), the reaction proceeds by path (b), 
with the rapid formation of MeHgX only.
i
C6H5CH2SnMe3 + HgX2 — 3» MsHgCS. + C6H5CH2SnMe2a (3)
Unlike the other reactions where the benzyl group is split off, here in 
the case of benzyltrimethyltin a methyl group is cleaved preferentially 
to the benzyl group.
Reutov has studied the reaction of benzyltrimethyltin with
148mercury(II) chloride in solvent methanol, where he claims that the
reaction takes place by cleavage of the benzyl group to form CeHsCFkHgCfc,
in 100$ yield, identified polarographically. The same reaction in 
147DMSO is claimed to proceed by the splitting off of one of the methyl 
groups to form MeHgCJi, identified polarographically.
Reutov does not give any reason for this change of the reaction 
pathway in connection with the nature of the group split off, when the 
reactions are carried out in different solvents.
In order to check the results of Reutov in D M S O , t h e  reaction of 
CeH5CH2SnMe3 with HgC£2 in DMSO was carried out in an n.m.r. tube; the 
spectrum taken showed the quick formation of MeHgC£ at <5 = 0.75 ppm, 
and no C6H5CH2HgC£ at all. This result agrees well with ReutovTs result 
in DMSO. A summary of groups cleaved is given in the following table:
TABLE 1
Groups cleaved in the reaction CeHsCf^SnRa + HgC&2 
in MeOH and DMSO
C6H5CH2SI1R3
This work Reutov’s work
MeOH dmso Me® 3 D ^ b
PQIIP* C6H5CH2 - -  -
II "*2 C6H5CH2 -
R = Et C6H5CH2 ■ - -
R = Me Me Me C6H5CH2 Me
a - See Ref. 148 b - See Ref. 147
In order to determine the actual reactivity of the groups split off 
in the above reactions, kinetic studies were carried out as detailed on 
pp.258,259 . Excellent second-order plots were obtained in all cases * 
and the results are summarised in the following table where each rate 
constant is the average value of duplicate runs.
TABLE 2
Second-order rate constants of the reaction between 
C6H5CH2S11R3 and HgC&2 in methanol, at 25°C
C6HsCH2SnR3 (S. mol_1min_1)
R = Bu11 0.460 ± 0.002
R = Pi*1 0.392 ± 0.003
R = Et 0.646 ± 0.002
R = Me 35.9 ± 0.7
Kinetics of the reactions of benzyltrialkyltins with Hg (OAc) 2 were 
carried out in the presence of acetic acid to prevent solvolysis. The 
second-order rate constants obtained are given in the following table, 
where each value represents the mean value of at least three kinetic runs,
TABLE 5
Second-order rate constants of the reaction between 
C6H5CH2SnR3 and Hg(0Ac) 2 in methanol, at 25°Ca
C6H5CH2SnR3 ^
R = Bun 114 ± 5
R = Pr11 135 ± 13
R = Et 220 ± 16
R = Meb 20000
a - in presence of HOAc b - estimated value
As can be seen from Table 3, the rate constant for the reaction of 
C6H5CH2SnMe3 is actually estimated. The reaction is so fast that under 
the same conditions used for all of the other reactions, just a few 
points can be obtained from the very last part of the reaction (see 
p.267), and the estimated value is obtained by plotting log k2 against 
time.
From the results in Tables 1 and 2 it is clear that reaction with 
Hg(QAc)2 is much faster than the reaction with HgC£2 • The second point 
is that the compounds R = Bu11, Prn, Et, behave similarly and hence 
that the compound R = Me behaves completely differently.
Reutov has done some kinetic studies of the reaction between
C6H5CH2SnMe3 and HgC&2 in two different solvents, methanol and DMSO
polarographically. The reaction in methanolproceeded by the removal
of the benzyl group so rapidly that the rate could not be measured, and 
147in DMSO the reaction took place by cleavage of a methyl group 
(k2 = 1.95 I mol’1 sec 2). Interestingly, this is less than the rate 
constant for the methyl cleavage of tetramethyltin in the same reaction 
(k2 = 4.5 & mol 1 sec’1).
The substitution of tetraalkyltins by mercury (I I) chloride in
171 172various methanol-water mixtures has been shown 9 to take place by 
the bimolecular reaction:
RifSn + HgC&2 -- > WgCl + R3Sna (4)
Evidence from the effect of added salts indicates that the reactions 
proceed by the S^2 (open) mechanism of bimolecular electrophilic 
substitution through a transition state in which considerable charge 
separation has occurred, and that the order of reactivity is: <
R = MeuSn »  Eti+Sn > Pi\Sn > BU?Sn
TABLE 4
Second-order rate constants for the reaction of some
171 172tetraalkyltins with mercury (I I) salts in methanol 9
RitSn Hga2 
k2(& mol“1min"'1)
Hg(OAc) 2 
k2(& mol”"1min*’1)
Bu?Sn
Pr?Sn
EtifSn
Mei»Sn
a - At 25°C, Ref. 171
0.0369
0.0377
0.20
93.1
10.4
12.5 
61.4
14000
b - At 30°C, Ref. 172
Using the values given in Table 4, the rate of the cleavage of the 
benzyl group from tin can be compared with the rate of cleavage of 
one alkyl group from symmetrical tetraalkyltins with the same leaving 
group in each pair for both of the mercuration reactions.
TABLE 5
Ease of the cleavage of the benzyl group in comparison with 
simple alkyl groups, in the reaction with HgC£2 in methanol
R
CsHsO^-SnRs* R-SnRs1
k2(^  mol~1min'"1) k2(& mol_1min"1)
C6H5CH2-SnR3
R-S11R3
Bun
Pr
Et
n
0.460
0.392
0.646
0.00923
0.00943
0.05
49.84
41.57
12.92
a - This work b - See Ref. 171
Benzyl
0.405
The results show that in the reactions with HgC£2 having the same 
leaving group SnR3 (R = Bun, Pr11, Et), the benzyl-tin bond is cleaved much 
faster than the other simple alkyl-tin bonds, and the relative reactivity 
of the groups cleaved is calculated relative to methyl to be as follows:
Bu
(6)
0.395
The reactivity sequence above shows the reactivity of the benzyl 
group to be roughly fifty times less than the methyl group and much larger 
than the other alkyl groups. Therefore it is expected that in the 
reaction with mercury(II) chloride, the methyl group cleaves preferen­
tially to the benzyl group and the benzyl group to the other alkyl groups, 
which is in very good agreement with the product analysis of the 
reactions where, in the case of C6H5CH2SnR3 (R = Bu11, Prn, Et) compounds, 
the benzyl group is cleaved to form C6H5CH2HgC&, and in the case of 
C6H5CH2SnMe3, the product foimed was not identified as benzylmercury(II) 
chloride but as CH3HgC&. A similar kinetic analysis can be made for the 
Hg(OAc) 2 reactions, Table 6:
TABLE 6
Ease of cleavage of the benzyl group in comparison with the 
simple alkyl groups in the reaction with Hg(OAc) in methanol
R C6H5CH2-SnR3a R-SnR3b CeH5CH2-SnR3
k2(& mol’"1min~1) k2(& mol~1min"’1) R-SnR3
BU11 ; 114 2.60 43.85
Pr11 135 3.13 43.20
Et 220 15.35 14.33
a - This work
b - See Ref. 172, statistically corrected rate constants at 30°C
Here again, in the reaction with Hg (OAc) 2, the results show that 
the benzyl-tin bond is cleaved more readily than the other alkyl groups; 
it should be noted that the comparison is made where the leaving groups 
are kept the same. The reactivity sequence can be written as:
Benzyl
This reactivity sequence where the benzyl group is cleaved 
preferentially much faster from the other alkyl groups and much slower 
than the methyl group agrees well with the experimental results obtained 
in the product analysis, Section 13.
The two reactivity sequences obtained, (6) and (7), in mercuration
reactions, using data from different sources, lead to the conclusion
that the benzyl group is indeed much less reactive than the methyl
group, and more reactive than the other simple alkyl groups. This
reactivity order for the benzyl group does not agree with Reutov fs
work, where the benzyl group is claimed to be cleaved from C6H5CH2SnMe3
148exclusively in the reaction with HgC£2 in methanol, on the basis of 
identification of the product C6H5CH2HgC&, by n.m.r. techniques.
The order of reactivity for the benzyl group obtained from the 
results of this work is in good agreement with the order of reactivity 
obtained for the organo transit ion metal reactions with the Hg(II) 
r e a c t a n t , l i s t e d  in Section 5, Table 18, where the benzyl 
group is much less reactive than the methyl group, which might be due to 
the steric effects present in the benzyl group compared with the methyl 
group; this explains why, in this series of reactions, the reactivity of 
the benzyl group is almost equal to the Pr11 and Bu11 groups.
Introducing this idea of ’steric effect’ in the order of reactivity 
obtained in the present work, the behaviour of benzyl relative to methyl 
is reasonable. However, the benzyl group is about forty times more 
reactive than the Pr11 group in the present work and this suggests that 
there may be some stabilization factor such as 1 Vertical Stabilization’ 
operating in the transition state, and therefore that the benzyl group 
is more reactive than Et, Pr11 and 'Bu11 groups.
The interaction of benzyltrialkyltins with tetracyanoethylene is 
discussed in Section 19. A charge-transfer complex is formed,
with a transient intense blue colour,
K
C6H5CH2SnR3 + TCNE
+•
C6H5CH2S11R3 TCNE (8)
instantaneously after the reactants are mixed at low temperature. The 
energy of the charge-transfer bands of TCNE complexes were measured by 
UV at low temperature, in CH2C£2, and are compared with the rate of 
the mercuration reactions in the following table:
TABLE 7
Relation between energies of charge-transfer complexes of 
TCNE, v(cm_1), and second-order rate constants 
(£ mol”1sec of the mercuration reactions
Decreasing Increasing log k2 log k2
PhCH2SnR3 v(cm
E k2 , HgC£2 Hg(0Ac)2
R = Bun
R = Pr' 
R = Et 
R = Me
n
1677
1684
1701
1748
A
V
3.8848
3.8149
2.0322
1.7767
0.2788
0.3522
0.5647
2.5229
. As shown in Table 7, the trend of E and k2 are in the opposite 
direction to each'other. Since the lowest energy should accompany the 
highest rate in an electron-transfer process, the possibility of the
electrophilic substitution through an open transition state, S^ 2 (open), 
with a good separation of charge. In the reactions of the benzyltri- 
alkyltins and mercury(II) salts studied in this work, the reactivity 
sequence and the product analysis results suggest that the reactions are 
bimolecular substitutions of 1 : 1 stoichiometiy, which follow kinetics 
that are second-order overall, first order in each reactant. It is 
suggested that the transition state which the reactants approach is an 
open type, as shown below:
90 95electron-transfer mechanism proposed by Kochi et al 9 (see pp. 57,60) 
is not likely.
The mechanism proposed for the reaction of tetraalkyltins with
171 172
mercury(II) salts in methanol by Abraham et al ’ is a bimolecular
^  CeHsCHzHga +RsSnX
(9)
C6H5CH2SnMe3 + HgX2 ^ CH3
6+ Me =)=
x-Sri6 2C6H5 
\ ^Me ->CH3HgX + C6H5CH2SnMe2X
X = Cl, OAc
(10)
Although the transition states are written as if they proceed with 
retention of configuration, it must be noted that the stereochemistry 
has not actually been found experimentally.
SECTION 7
REACTIONS OF BENZYLTRIALKYLTINS 
WITH IODINE,, IN METHANOL
Reactions of benzyltrialkyltins with iodine, in the presence of 
iodide ion in methanol
The purpose of this work is firstly to establish the stoichiometry 
and mechanism of the reaction between benzyltrialkyltins (alkyl = Bu11, 
Pr11, Et, Me), and iodine, in the presence of iodide ion, in methanol, 
by identification of the products and by kinetic studies, and secondly 
to establish the reactivity of the benzyl group as compared to simple 
alkyl groups in this reaction.
The reaction between benzyltrialkyltins and iodine, in the presence 
of iodide ion, in methanol, can in principle occur in two different 
ways, (a) and (b), depending on the reactivity of the group cleaved, as 
a result of which either G6H5CH2I or RI can be formed.
C6H5CH2SnR3 + D  -
r si _
v '> C6H5CH2I + RaSnl
RI + C6H5CH2SnR2I
CD
(R = Bu11, Pr11, Et, Me)
In the present work, both n.m.r. and g.l.c. methods were used to 
establish the products in reaction 1; for details see Section 14.
When R = Bu11, Pr11 and Et, the iodination reaction took place by the 100 
formation of benzyl iodide only (see p. 198) . The n.m.r. spectrum showed 
absorptions at 5 = 7.24 ppm and 6 = 4.39 ppm, downfield from T.M.S. , 
corresponding to the 5 and 2 protons of C6H5CH21 respectively, and the 
intensity of the integrals checked with this result:
C6H5CH2S11R3 + I2 ---—;—^ C0H5CH2I + RsSnl (2)
(R = Bu11, Pr11, Et)
In the reaction of benzyltrimethyltin with iodine, however, the
©\.«
n.m.r. spectrum of the product showed absorption peaks due to the 
formation of methyl iodide as well as benzyl iodide:
C6H5CH2SnMe3 + I2 ---
■Ms* C6H5CH2I + Me3SnI
+ C6H5CH2SnMe2I
(3)
From the integral intensities obtained in the spectrum the 
formation of 231 methyl iodide and 11% benzyl iodide was calculated 
(see p. 299) . It should be noted that the percentage foimation of 
methyl iodide should represent the minimum amount of it formed, because 
some of it is most probably lost due to the volatility of the substance 
during the extraction process.
In order to obtain a more accurate distribution factor between (a) 
and (b) in reaction (3), the reaction was carried out in d^-MeOH, in an 
n.m.r. tube, in the presence of an excess of iodide ion (see p. 199).
The reaction was followed by n.m.r.. and was shown to proceed through 
3(a) and 3Cb) at the same time by the formation of methyl iodide and 
benzyl iodide (see p.300). Other components of the products such as 
trimethyltin iodide and benzyldimethyltin iodide were also identified. 
From the integral intensities obtained in the n.m.r. spectrum the 
formation of 261 methyl iodide and 741 benzyl iodide was calculated.
Thus, unlike the reactions of C6H5CH2SnR3 (R = Bu11, Pr11, Et) with 
iodine which proceeded by 1001 cleavage of the C6H5CH2-Sn bond, when 
R = Me, the reaction takes place by the cleavage of both C6H5CH2“Sn and 
CH3-Sn bonds in the proportion of-almost 3:1 respectively.
153Reutov studied the iodination of a series of RSn(CH3) 3 compounds
including R = C6H5CH2, in methanol, and showed by n.m.r. and g.l.c.
152methods that the reaction with iodine in the presence of iodide ion
takes place in almost all cases by the cleavage of the group R, but in
the case of C6H5CH2Sn(CH3) 3, a methyl group is 1001 removed instead.
153Therefore the result obtained by Reutov contrasts with the results
of this work where in the same reaction both of the groups, benzyl and
methyl, are cleaved to form benzyl iodide and methyl iodide as the
products of the iodination reaction. Reutov has also studied the
152iodination of C6H5CH2Sn(CH3) 3 in DMSO, where the product analysis
showed that only a methyl group is cleaved to form methyl iodide as
the product. In order to compare the results of Reutov with this work,
the iodination reaction of benzyltrimethyltin with iodine, in the
presence of iodide ion, was carried out in DMSO, in an n.m.r. tube.
The n.m.r. spectrum was taken immediately after the reactants were
mixed, and showed the formation of 62$ benzyl iodide and 38$ methyl
152iodide. This does not agree with the results of Reutov in BIvSO.
The reaction was also carried out in nitrobenzene, which proceeded in 
the same pattern as in methanol and DMSO, by the cleavage of both benzyl 
arid methyl groups. A summary of the results is given in the following 
table:
• TABLE 1
Products identified in the iodination of C6H5CH2Sn(CH3) 3
C6H5CH2Sn(CH3) 3 + I2 Solvent $ C0H5CH2I $ CH3I
Reutov153 MeCH 0 100
This work MeCH 77 23
This work d^-MeCH 74 26
Reutov152 DMSO 0 100
This work DMSO 62 38
This work PhN02 71 29
It is clear from the results in Table 1 that benzyl iodide is three 
quarters of the total product formed in the reaction, and can be clearly 
observed in the n.m.r. spectrum of the products (see pp.299,300).
For a more quantitative analysis the experiment was carried out 
with lower concentration of each reactant (see p. 201) for gas 
chromatography investigations. The column used was (3% SE30-0n 
Chromosorb G M-DMCS (80-100) mesh), using the maximum sensitivity at 
130°C.
The calculations were carried out by using the peak areas obtained 
from equal injections of the standard solution of benzyl iodide before 
and after the injections of the reaction product solution. The g.l.c. 
results showed that in iodination of C6H5CH2SnBu^ the benzyl group is 
cleaved only, in 100% yield, to form benzyl iodide as the only product 
of the reaction, and therefore the stoichiometry of the reaction is 
established:
. CgHsOkSnRs. + I2 — -- > CeHjCHzI + R3SnI (4)
(R = Bu11, Prn, Et)
In order to find out the percentage formation of methyl iodide more 
accurately, the reaction product of iodination of benzyltrimethyltin, in 
the presence of iodide ion, in methanol, was analysed by g.l.c. (see 
p.204), and the formation of 30% of the total product as methyl iodide 
and 70% as benzyl iodide was calculated:
Two sets of iodination reactions of benzyltri-n-butyltin in the 
presence of iodide ion were carried out, one in the presence of 0.1 M 
bromide ion, and the second in the presence of 0.1 M chloride ion.
The results showed only benzyl iodide as the product of the reactioji 
and no other products such as benzyl bromide or benzyl chloride (see 
Table 2, p.203).
A series of blank experiments were carried out (see p. 204) in order 
to check the behaviour and reactivity of benzyl iodide formed as the 
product during the reaction, in methanol and in the presence of other 
halide ions. The benzyl iodide remained quantitatively unchanged in 
methanol during the reaction and subsequent extraction. Also the 
results showed no trace of benzyl bromide or benzyl chloride formed, 
when benzyl iodide was left with a bromide ion in the first, and with a 
chloride ion in the second case during the reaction and extraction. 
Therefore, under the conditions used, there is no halide exchange during 
the reaction time.
In order to find out the reactivity of the group split off in the 
reactions studied, kinetics of the reaction were followed.
The reactions were performed at 25°C, and followed spectrophoto- 
metrically (see Section 21). The reactions were carried out in the 
presence of an excess of I- and organotin compound, so that the reaction 
follows a pseudo-first-order rate equation.
Guggenheim’s method was applied as the computer program, and the 
first-order rate constants were calculated from the slope of the graphs 
obtained as the computer output; as an example see p. 283. Second-
order rate constants were calculated, using the first-order rate constants
(
and eqn 9 (p.270), and are given jn the following table:
TABLE 2
Second-order rate constants for the iodination 
of benzyltrialkyltins, in methanol, at 25°C, 
I' = 1 x 10" 3 M
C6H5CH2SnR3 k2(& mol" 1 sec*"1)
R = Bu11 6.74 ± 0.16a
<dnIIPS 5.90 ± 0.14
R = Et 8.86 ± 0.11
R = Me 10.57 ± 0.07
a - Standard deviation from seven sets of experiments,
for each entry on this column.
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iodination of symmetrical tetra-alkyltins in methanol, in the presence
of a large excess of iodide ion; the results are shown in Table 3:
TABLE 3
Second-order rate constants and statistically corrected rate 
constants for the iodination of tetra-alkyltins, in methanol,
at 20°C, u = 0.02571
Ri»Sn k2(& mol" 1sec-1) k2(R-SnR3, I mol" 1sec"1)
R = Bu11 0.04 0.010
& ii TJ 0.10 0.025
R = Et 0.88 0.22
R = Me 7.08 1.77
and hence the following reactivity sequence is obtained for the Ri*Sn 
compounds: -
Although the reactions given in Table 3 are carried out at 20°C and 
]i = 0.025, which are not the same conditions as in this work, given in 
Table 2, still the reactivity of the benzyl group can be obtained in 
comparison with the simple alkyl groups studied.
TABLE 4
Ease of cleavage of the benzyl and other simple alkyl groups 
in the reaction with I2, in the presence of I”
R C6H5CH2-SnR3a 
k2(fc mol 1sec_1)
R-SnR3b 
k2(& mol-1 sec"*1)
C6H5CH2-SnR3
R-SriR.3
Bu11 6,74 0.010 A7/1V < T
Pr11 5.90 0.025 236
Et 8.86 0.220 40.3
a - This work b - See Ref. 71
The results in Table 4 show that the benzyl-Sn bond is cleaved 
much faster than the other alkyl-Sn bonds. Treating the values obtained 
for the ease of cleavage of the benzyl-Sn bond in comparison with the 
cleavage of either alkyl-Sn bonds given in Table 4, with the reactivity 
sequence [6) for simple alkyl groups, the relative reactivity of the 
benzyl group can be obtained from each alkyl group: Bu11, Pr11 and Et, to 
be 4044, 3304 and 4997 respectively. Therefore the average reactivity 
of the benzyl group cleaved can be obtained approximately, relative to 
the methyl, to give the following reactivity sequence:
Benzyl
From the reactivity sequence obtained it can be seen that the 
benzyl group is very reactive compared to the other alkyl groups, and 
more than four times as reactive as the methyl group. This checks with 
the product analysis discussed earlier, where in the cases of 
(R = Bu11, Pr11, Et), only the benzyl group is cleaved in 1001 yield and 
in the case of R = Me both benzyl and methyl groups are cleaved in the 
ratio of 7:3 respectively which is not corrected statistically, and in 
the ratio of 7:1 when corrected statistically, which checks with the 
reactivity order obtained for the benzyl to methyl cleavage. It must 
be noted that the slightly different reactivity ratios obtained from 
the product analysis and the rate values is due to the fact that 
reaction conditions in symmetrical tetraalkyltins are not exactly the 
same as the conditions applied in this work for benzyltrialkyltins, and 
the leaving groups SnR3 are not constant.
The reactivity of the benzyl group in comparison with the other
alkyl groups can also be calculated from the data obtained by Gielen 
71and Nasielski in the iodination of unsymmetrical tetraalkyltins of 
the type RSnMe3, where the leaving group SnMe3 remains constant; the 
rate constant for benzyltrimethyltin is corrected for benzyl-Sn 
cleavage only.
TABLE 5
Statistically corrected cleavage of R-SnMe3 in the reaction
- 71with I2, in the presence of I , in methanol
R-SnMe3 k2(£ mol"1sec”1) Rel. reactivity
Me-SnMea 1.770 1000
Et-SnMe3 0.256 145
Prn-SnMe3 0.056 32
Bun-SnMe3 0.132 75
Benzyl-SnMe3 7.399a 4180
a - This work
The following sequence can be written from the results given in 
Table 5; the benzyl group is very reactive compared to the other alkyl 
groups.
•d n\ „ nBu \ Pr
75 / 32
(8)
Interestingly, the methyl group cleavage from tin in benzyl- 
trimethyl tin is slower than the methyl cleavage in tetramethyltin; 
statistically corrected rate constants are ki = 1.057 £ mol"1sec”1, at 
25°C, and k2 =1.77 £ mol-1 sec-1 at 20°C, respectively. The reason for 
this may be due to the difference in leaving groups C6H5CH2SnMe2 and
i
SnMe3 respectively in the transition state in the cases mentioned, 
where in the first one a benzyl group is present instead of the smaller 
methyl group.
72Taglavini has also studied the iodination of some unsymmetrical
tetraalkyltins, but at 35.3°C. In order to compare the various cleavages
73the adjusted rate constants at 20 C are used to calculate the reactivity 
of the benzyl groups.
TABLE 6
Statistically corrected rate constants for cleavage of R-SnEt3
bonds in the reaction with I2, in the presence of I-,
73in methanol
R-SnEt3 k2(£ mol^sec"1) Rel. reactivity
Me-SnEt3 3.58 1000
Et-SnEts 0.22 61.5
Prn-SnEt3 0.065 18.2
Bun-SriEt3 0.060 16.8
Benzyl-SnEt3 ' 8.86a 2474
a - This work
Benzyl 
2474
4
Here again in the series of R-SnEt3 compounds, with the leaving
group kept constant, the reactivity of the benzyl group is more than the
n 73other groups. A similar sequence can be obtained using RSnBu3 systems.
TABLE 7
Statistically corrected rate constants for cleavage of R-SnBu?
bonds in the reaction with I2, in the presence of I~,
73m  methanol
R-SnBu? k2(£ mol" 1 sec"1) Rel. reactivity
Me-SnBu? 1.42 1000
Et-SnBu? 0.58 409
Prn-SnBua 0.16 113
Bun-SnBu? 0.01 71
Benzyl-SnBu? 6.74a 4746
Me \ Et 
1000 / 61.5
(9)
a - This work
Benzyl
4746
(10)
With the constant leaving groups an average reactivity for. the 
benzyl group can be calculated by taking the values obtained in 
sequences (8), (9) and (10) to be 3800 relative to methyl cleavage 
1000 ; this is almost the same factor as in sequence (7), where the 
leaving groups are not constant. .
Therefore since the reactivity of the benzyl group is almost
four times as great as that of the methyl group, Reutov’s result on
153the iodination of C6H5CH2Sn(CH3) 3 in methanol, where the reaction 
is claimed to proceed with 100% formation of methyl iodide, seems 
quite anomalous.
The reactivity of a benzyl group in bimolecular homolytic 
substitutions (S^ 2) Isee p.83). is known to be higher than that of the 
other alkyl'groups. If the reaction does proceed by a radical pathway, 
the introduction of strong inhibitors such as galvinoxyl or hydro- 
quinone into the reaction media should stop or slow down the reaction. 
This did not happen when the kinetics of the iodination reactions were 
followed in the presence of the mentioned inhibitors (see p.281), and 
the k2./k2° ratio remained constant (kj. and k2° are the second-order 
rate constants in the presence and in the absence of inhibitors, 
respectively). It seems that the reaction does not involve any radical 
species, and most probably takes place by some S^2 process.
The charge-transfer frequencies of benzyltrialkyltins and tetra- 
cyanoethylene have been measured in dichloromethane at low temperature 
(see p. 254). The energy of the charge-transfer bonds of TCNE complexes
are compared with the rate of the iodination reactions for benzyl- 
trialkyltins in the following table:
TABLE 8
Energies of charge-transfer complexes of TCNE, v(cm_1), 
and second-order rate constants (Z mol" 1 sec"*1) of the 
iodination reactions
C6H5CH2SnR3 v(cm“1)a Decreasing
E
Increasing
k2
log k2b
R = Bu11 1677 /v 0.829
R = Pr11 1684 0.771
R = Et 1701 0.947
R = Me 1748 N! 1.024
a - Charge-transfer spectra in Gi2CZ2 'st low temperature 
b - Iodination in MeOH at 25°C
As can be seen from Table 8, since in the electron-transfer
processes the lowest energy is accompanied by the highest rate, the
90 95
possibility of electron-transfer mechanism proposed by Kochi et al ’
(see pp. 57,60 ) , is unlikely to be the case in the iodination reactions.
On the other hand, by alteration of the concentration of benzyl- 
trialkyltin, the rate of the reaction remained constant (see Table 8, 
p.281); therefore the reaction is a bimolecular electrophilic 
substitution, probably with some polar character in the transition 
state.
In order to find out more about the mechanisms and the transition 
state involved, kinetics of the iodination of C6H5Gi2SnBua was carried 
out in the presence of other ions such as N = Br", C£ and C&Oj* ,
where the concentration of iodide ion was kept constant: I” = 1 x 10" 3 M
(see p.276). In the range of the concentration of N” studied (0.005 -
0.1 M), the reactions showed different behaviour, as can be seen from
plots of (k2/k2°) against the concentration of ion present (see p. 284);
k2 and k2° are the second-order rate constants in the presence of other
ions and when no other ions are present respectively. It is clear that .
the reaction in the presence of Br is deaccelerated, and in the presence
of C&Vis accelerated; the presence of C£"~ generally does not alter the
rate very much and only has a mild accelerative effect. These results
173
agree well with those obtained by Clark, where the different effects 
of added salts were found for the iodination of tetraethyltin in methanol 
The results are compared for an 0.01 M concentration of added ions in 
the following table:
TABLE 9 .
Effect of added ions N~ (N = Br”, OT, CM\) 0.01 M, 
in iodination reactions, in the presence of I , 
in methanol
Reaction k2/k2° 
N~ = Br“
k2/k2°
n“ = o r
k2/k2° 
n“ =. ato;
k2/k2° 
N- = 1"
C6H5CH2SnBu3 + I2a 0.85 0.94 1.07 1.25
Eti*Sn + I2^ 0.86 1.08 0.93 1.07c
a - This work b - See Ref. 173 c- Mei*Sn + I2, see Ref. 69
Therefore it is shown that the effect of added ions on the rate
constant varies from one ion to the other more significantly than
71suggested by earlier studies by Gielen and Nasielski, who thought that 
there was only an increase in the rate constant when inert ions are 
introduced.
This behaviour of the reaction in the presence of ions studied
suggested more experiments at constant ionic strength, and therefore a 
series of iodination reactions were carried out in the presence of I”,
Br" and C&”, and keeping the overall ionic strength constant by
ion; the results are given in Tables 5, 6 and 7 (pp. 278-280).
As the concentration of Br” or Cl increases at a constant ionic
strength of 4 x 10 2 M, the rate of the reaction decreases. In the case
of different I” concentrations at constant ionic strength 5 x 10-2 M, 
the increase in the concentration of iodide ion is accompanied by an 
increase in the rate of the reaction. It therefore seems, both from
the kinetic studies and the product analyses, that ions such as Cl~, Br ,
C£0^ and I" are not incorporated into the transition state, which is a 
simple bimolecular. transition state foimed from benzyl-SnR3 and I2 only. 
Whether or not the transition state is polar is a matter of opinion. 
Probably it resembles the simple Rt*Sn/l2 transition states which are 
usually felt to be only moderately polar in nature:
CgHsQ^SnRs +■ 1 or
H B  R
\ /  /  x -Sri— R
\ 6
X'I 1
If
C6H5CH2l + R3SnI
(R = Bu11, Pr11, Et, Me*)
(* 70% of the reaction)
c m
and for the benzyl trimethyl tin reaction, one third of the products are 
formed by the following scheme:
C6H5CH2SnMe3 + I2
CH:
I—
a+y® 3 
■Sn— ai2C6H5
^CHa
6 -  
-I 1
CH3I + C6H5CH2SnMe2l
H H 
\ V
H
/ 1—
ch3 
CH3
5
(12)
and the rest of. the reaction (70%) proceeds by the illustrated 
scheme (11). It must be noted that the stereochemistry of the reaction 
is not determined experimentally.
SECTION 8
REACTIONS OF BENZYLTRIALKYLTINS 
WITH BROMINE, IN METHANOL
Reactions of benzyltrialkyltins with bromine, in the presence of
bromide ion, in methanol
The reaction between benzyltrialkyltin and bromine, in the presence 
of bromide ion, in methanol, like the corresponding iodination is 
expected to take place in two directions, (a) and (b), depending on the 
nature and reactivity of the group split off.
CsHsOfeSnRj + Br2 --- —
fe* > C6H5CH2Br + R3SnBr
> RBr + C6H5CH2SnR2Br
(R = Bu11, Pr11, Et, Me)
(1)
The product analyses are described in full detail in Section 15 
the products are identified qualitatively and quantitatively by n.m.r. 
and g.l.c. In the cases where R = Bu11, Pr11 and Et, bromination takes 
place by the cleavage of the benzyl group only. The most interesting 
point in the bromination reactions is the observation that benzylmethyl 
ether is foimed as well as benzyl bromide. This is an unexpected result 
and care was taken to check the product analyses very thoroughly.
The n.m.r. spectra taken are consistent with the formation of 
benzyl bromide and benzylmethyl ether as the products of the bromination 
reactions (see p.301). The absorption observed at 6 = 7.22-7.36 ppm are 
due to the phenyl protons, and those at 6 = 4.37 ppm and 6 4.40 ppm are 
due to the methylene protons of benzylmethyl ehter and benzyl bromide 
respectively.
The close chemical shift observed for these two kinds of methylene 
protons lead in most cases to one combined absorption peak. Although 
these two peaks are imposed on each other, the benzylmethyl ether can
be identified and determined quantitatively by the methyl proton 
absorption at 6 = 3.25 ppm. It is concluded that neither la nor lb 
represent the stoichiometry of the bromination reaction in methanol; 
the process has to be described as shown in eqn (2):
_ r  CeHs&kBr + RaSnBr
C6H5eH2SnR3 + Br2 — -r  > J (2)
I C6H5CH20CH3
(R = Bun, Prn, Et)
From the integral intensities obtained in the n.m.r. spectra, the 
percentage formations of the products were calculated and are listed 
in the following table:
TABLE 1
Percentage formation of products in the bromination 
of benzyltrialkyltins in methanol
C6H5CH2SnR3 % CeHsCHaBr % C6H 5CH20CH3
Vii 52 48
R = Pr11 53 47
R = Et 55 45
As can be seen from the above table, the ratio of the products 
remains almost constant passing from one substance to the other. This 
suggests that these reactions all proceed by the same mechanism.
In the reaction of benzyltrimethyltin with bromine in the presence 
of bromide ion, the reaction products differ from the ones in eqn (2), 
in that an additional n.m.r. absorption at 6 = 2.6 ppm is formed.
This singlet is assigned to the three protons of methyl bromide. 
Therefore, on the basis of the product analysis, the bromination of 
benzyltrimethyltin takes place by the cleavage of not only a benzyl 
group but also a methyl group:
From the integral intensities obtained in the n.m.r. spectra, the 
formation of 151 methyl bromide, 451 benzyl bromide and 40V benzylmethyl 
ether was calculated. Another bromination reaction was carried out in 
dt*-methanol, in an n.m.r. tube where, as soon as the reactants were 
mixed, the reaction was followed by n.m.r. till completed. During the 
reaction time, the products were forming independently of each other 
(see p.302), and from the integrals obtained the formation of 57% benzyl 
bromide, 25% benzylmethyl ether and 18% methyl bromide was calculated.
It must be noted that the reaction was carried out at a much lower 
concentration of bromine than the reaction in ordinary methanol; 
because the formed benzyl bromide to benzylmethyl ether ratio in 
di*-methanol was not the same as in ordinary methanol, a series of 
brominations in di*-methanol was carried out and the results are summarized 
in the table on p.143.
As can be seen, reactions (A) , (B) and (C) in CD30D are consistent 
with each other, but reaction (D) is not; this can be due to the high 
percentage of the reaction. The reaction in CH3QH can lead to two 
different product ratios (i) and (ii), as given in the table. This 
difference is due to the calculation in two different ways: the products
C6H5CH2Br + Me3SnBr
C6H5CH2SnMe3 + Br2 ---— — 5* i C6H5CH20CH3 (3)
MeBr+ C6H5CH2SnMe2Br
in (i) are calculated by means of the integral intensity of the methyl 
absorption of the ether. However, because the methylene absorptions of 
the two benzyl products are very close to each other, the integrals can 
not be found very accurately. The ratios in (ii) are calculated by 
means of the peak heights of the methylene absorption of the two benzyl 
products; this gives a different product ratio compared with the previous 
calculation. It must be noted that the reaction products in CD3OD are 
calculated by using the integrals of two methylene absorptions of the 
bromide and ether compounds which are very well separated; the methyl 
group of the ether is deuterated so that it cannot be observed. The 
average of the results in CD3OD are given in Table 3 (p. 144), where 
reaction (D) is omitted.
TABLE 2
Product distribution in the bromination of C6H5CH2ShMe3 
in the presence of Br~
Solvent
90
Reaction
0
CH3Br
50
C6H5CH2Br
90
C6H5CH20CH3
C6H5CH2Br
C5H5CH20CH3
(i) (45 40 1.1
CH3OH 47 15 (
(ii) (53 32 1.7
CD3OD (A) 32 18 57 25 2.3
CD3OD (B) 31 18 55 27 2.0
CD3OD (C) 32 16 57 27 2.1
CD3OD (D) 69 7 57 36 1.6
TABLE 3
The percentage formation of products in the bromination of 
benzyltrimethyltin in the presence of bromide ion
Solvent
90
CH3Br
%
CeHsCHzBr
90
CeHsCHzOCHa
CeHsCHzBr
C6H 5CH2OCH3
Ci) 45 40 1.1
CH30H 15
(ii) 53 32 1.7
CD3OD 17.3 56.3 26.3 2.1
Average0 16 51 33 1.6
c - Average of the results in the two solvents
Therefore the stoichiometry of the reaction of benzyltrimethyltin 
with bromine can be written as follows:
C 6H 5C H 2S n M e 3 + B r 2
51%
Br"
------
331
16%
> C6H5CH2Br + Me3SnBr
^  C 6H 5CH20CH3
> MeBr + C6H5CH2SnMe2Br
(4)
Bromination of benzyltrimethyltin was also carried out in d6-DMSO
in the presence of Br", in an n.m.r. tube, and the spectra showed the
cleavage of both benzyl and methyl groups in 82% and 181 yield
respectively. Earlier, this reaction in DMSO was carried out by 
1
Reutov, who found only the quantitative formation of methyl bromide 
and no benzyl bromide. Reutov‘S  examined the reaction products by 
both n.m.r. and g.l.c. techniques. He gives no details of the product
analyses and it is not clear how the differences between his result 
and the present result arise.
According to the product ratio obtained in this work, the benzyl 
group must be four times as reactive as the methyl group, where in 
Reutov’s work, the reactivity of methyl is much larger than the 
benzyl group and therefore no benzyl group is cleaved to form benzyl 
bromide.
Because of the new observation that bromination of benzyltrialkyltins 
in methanol leads to significant quantities of benzylmethyl ether, 
several check experiments were carried out to make sure that this new 
product was actually a direct reaction product and not some artifact.
For example, it was shown (see p.210) that benzyl chloride added at the 
beginning of a bromination reaction remained unchanged at the end, and 
that similarly benzyl bromide added at the start of a chlorination 
reaction also remained unchanged.
The bromination of C6H5GH2SnBu? was also carried out in the presence 
of 0.5 M chloride ion. The n.m.r. spectra taken showed the formation of 
benzyl bromide, benzylmethyl ether and benzyl chloride, in percentage 
yields of 31%, 46% and 23% respectively, which indidates that the chloride 
ion is somehow involved in the reaction to form benzyl chloride.
For a more rigorous quantitative analysis, the bromination reactions 
were carried out with a lower concentration of reactants and the products 
were analysed by g.l.c. (see p.211). After a suitable calibration curve 
was constructed, as on p.219, quantitative g.l.c. experiments were 
carried out with benzyltri-n-butyltin. The results obtained (see p.214) 
confirm the product analysis for this compound given in Table 1. r
It was thought that the bromide ion concentration in the reaction 
may have some effect on the benzyl bromide to benzylmethyl ether 
formation ratio, therefore a series of bromination reactions of 
benzyltri-n-butyltin in the presence of different concentrations of Br”
— 3
(1 x 10 - 0.25) M was carried out; g.l.c. analysis showed the products
to be benzyl bromide and benzylmethyl ether. Using the calibration 
curve, p.219, the percentage formation of (58-56)% benzyl bromide and 
(42-44)% benzylmethyl ether was calculated. The results shows that Br” 
concentration does not play an important role in the ratio of the 
products obtained. Furthermore, the found total concentration of 
products agrees well with that calculated from the bromine concentration 
(obtained by U.V.). Therefore it is clear that the reaction between 
benzyltrialkyltins and bromine in methanol has the simple 1:1 
stoichiometry in benzyltrialkyltin and bromine.
In order to investigate the effect of other ions such as chloride 
ion in the reaction more quantitatively, g.l.c. techniques were used
(see p.215). Two calibration curves were needed (see pp.222,223), where
E E Bthe Area g—+-"c against Concentration ^  + ^ and Area ^  + ^ against
BConcentration ^  + are plotted.
Products obtained from the bromination reaction of C6H5CH2SnBu? 
in the presence of chloride ion (1 x 10 2 - 0.8) M were analysed, and
the results indicated that benzyl chloride formation is increased as the 
chloride ion concentration is increased (see Table 5, p.217).
Some check experiments were carried out with benzyl bromide itself, 
using a series of different concentrations of chloride ion (see p. 218). 
The results showed that, firstly, benzyl chloride is indeed formed in 
the blank experiments from the halogen exchange of benzyl bromide, and
secondly as the chloride ion is increased the formation of benzyl 
chloride is also increased. Thus in the bromination in the presence 
of chloride ion, the benzyl chloride can well be formed from the 
halide exchange process during the reaction time, and unfortunately 
little can be deduced on the effect of chloride ion on the products of 
bromination.
In order to find out the reactivity of the group split off in the 
reactions studied, the kinetic behaviour of the reactions was studied, 
spectrophotometrically at 25°C, see Section 22. First-order 
rate constants were obtained by following the decrease in concentration 
of Br3, with the organotin compound present in excess, and second-order 
rate constants were calculated from the observed first-order ones.
That the reaction is indeed a simple second-order process was 
established by varying the concentration of benzyltri-n-butyltin in a 
series of experiments (Table 5, p.291). The second-order rate constant 
did not vary, and it is concluded that simple second-order kinetics are 
shown. The second-order rate constants for the various benzyltri- 
alkyltins are given in Table 4.
TABLE 4
Second-order rate constants for the bromination reaction 
of benzyl trialkyltins, in methanol, at 25°C, Br” = 0.25 M
C6H5CH2SnR3 k2 (& mol”1sec”1)
R = Bu11 623 ± 34a
R = Pr11 552 ± 16
• R = Et 673 ± 19
R = Me 746 ± 11
a - standard deviation from 6 sets of experiments, for each entry 
on this column.
Bromination of some symmetrical tetra-alkyltins R^Sn, has been 
studied by Abrahani^ in methanol, at 25°C, and the results are 
summarised in Table 5, giving the following reactivity sequence, 
relative to methyl: '
TABLE 5
Second-order rate constants for the bromination of 
tetra-alkyltins, in methanol, at 25°C, y = 0.2^^
Ri*Sn k2(& mol-1sec”1) k2a (£ mol” 1 sec”1)
Pr?Sn 13.2 3.3
Et^Sn 96 24
Me^Sn 173 43.3
a - Statistically corrected second-order rate constants
Statistically corrected rate constants for the total cleavage of 
benzyl group from tin to form benzyl bromide and benzylmethyl ether on 
the basis of the percentages obtained in the product analysis can be 
compared with the simple alkyl cleavages from tin given in Table 5, and 
therefore the reactivity of the benzyl group can be obtained.
The results in Table 6 (p. 149) show that the benzyl-Sn bond is 
cleaved more readily and easily than the other alkyl-Sn bonds in the 
bromination reaction. Using the values obtained in Table 6, as the 
ratio of benzyl-Sn to alkyl-Sn cleavage, and the reactivity sequence (5), 
the relative reactivity of the benzyl group can be calculated from each 
alkyl group to be: 12692, 15540 and 15000, where the mean value as 14400
TABLE 6
Ease of cleavage of benzyl and simple alkyl groups in the 
reaction with Br2, in the presence of Br"’, in methanol
R
C6H5CH2-SnR3a 
k2(& mol-1sec”1)
R-SnR3b 
k2(& mol”1sec”1)
C 6 H 5 CH2 — S11R3 
R -SnR3
Pr11 552 3.3 167
Et 673 24 28
Me 627 43.3 15
a - This work, total benzyl cleavage. b - See Ref. 174
will roughly represent the order of reactivity of the benzyl group in 
the bromination reactions, to give the following reactivity sequence:
Benzyl (Total) \  Me Pr11 (6)
14400 / 1000/ 555/ 76
From the reactivity sequence it can be seen that the benzyl group 
is very reactive compared to the other alkyl groups and more than 
fourteen times as reactive as the methyl group. This checks with the 
product analysis discussed earlier, where in the cases of (R = Bu11,
Pr11, Et), only the benzyl group is cleaved to form benzyl bromide and 
benzylmethyl ether, but in the R = Me case both benzyl and methyl groups 
are cleaved in the ratio of 84:16 respectively. It must be noted that 
the relative reactivity of the benzyl group in sequence (6) represents 
the total cleavage from tin to form benzyl bromide and benzylmethyl 
ether, and these products may not be necessarily formed at the same 
stage in the reaction, as will be discussed later.
Therefore the statistically corrected second-order rate constants 
for the cleavage of the benzyl-Sn bond to form benzyl bromide only, 
can be compared with the formation of simple alkyl bromides, as given 
in Table 7:
TABLE 7
Statistically corrected second-order rate constants for 
the formation of benzyl bromide and other alkyl bromides in 
the bromination reactions of benzyltrialkyltins 
and tetra-alkyltins
R
C6H5CH2-SnR3a R-SnR3b C6H5CH2-SnR3
k2(£ mol" 1 sec"1) k2(£ mol’1sec"1) R-SnR3
T> 11Pr 293 3.3 89
Et 370 24 15.
Me 381 43.3 9
a - This work. b - See Ref. 174
The table shows that the cleavage of benzyl-Sn bond occurs more 
readily than the corresponding alky 1-Sn bond. Using the reactivity 
sequence (5), the relative reactivity of the benzyl group is calculated 
to be: 6764, 8325 and 9000, which will give the average relative 
reactivity of the benzyl group as 8000, that is eight times as much 
as the methyl group in the formation of the bromides.
Benzyl [Bromide) \ Me Pr11
(7)
8000 / 1000 76
Benzyl (Total) \  Me \  Et \  Pr11
(8)
14400 / 1000/ 555 / 76
Because of the very high reactivity of the benzyl group in the 
bromination of benzyltrialkyltins, there is the possibility that some 
radical species are involved in the reaction pathway. This can be 
examined by introducing strong inhibitors such as galvinoxyl or ' 
hydroquinone in the system, and investigating the effects on the rate of 
the reaction and on the product formation quantitatively. Therefore the 
kinetics of the bromination of benzyltri-n-butyltin were carried out in 
the presence of the mentioned inhibitors (see p. 291); the rate constant 
was not affected at all by the inhibitor. The product analysis of these 
reactions (see p. 245), together with a series of blank experiments 
carried out at the same time, were analysed under comparable conditions 
by n.m.r., and the spectra showed clearly that the presence of galvinoxyl 
or hydroquinone.as the inhibitors had no effect on the reaction process, 
since both reactions proceeded in the same way as did the pure 
bromination. It is concluded that the reaction mechanism probably does 
not involve a radical chain reaction.
The possibility of an electron-transfer mechanism for the 
bromination reactions was investigated. Charge-transfer frequencies of 
benzyltrialkyltins- and tetracyanoethylene in CH2C£2 at low temperature 
(see p. 254) are compared with the rate constants of the bromination 
reactions in Table 8 (see p. 152).
It is clear from the results in Table 8 that the electron-transfer
90 95
mechanism proposed by Kochi et al 9 (see pp. 57,60 ) is not likely 
to happen in the bromination reactions, because the lowest energy for 
the electron-transfer process corresponds to the lowest rate constant 
(i.e. the highest activation free energy).
TABLE 8
-l.Energies of charge-transfer complexes of TONE, v(cm ), 
and second-order rate constants (& mol’"1 sec”1) of 
the bromination reactions
CeH5CH2SnR3 v(cnt )
Decreasing Increasing 
E k2
log k2b
Total Br CMe
7.80 2.51 2.48
2.74 2.47 2.41
2.83 2.57 2.48
2.87C 2.58 2.40
R = Bu­tt
R = Pr 
R = Et 
R = Me
n
1677
1684
1701
1748
a - Charge-transfer spectra in CH2C&2 at low temperature, 
b - Bromination in methanol, at 25°C.
c - Total cleavage of benzyl and methyl groups in the case of R = Me.
In order to find out more about the nature of the bromination 
reaction and the transition state involved, kinetics of bromination of 
benzyltri-n-butyltin was carried out in the presence of other ions, such 
as C& and C££V in the concentration range (0.1 - 1.0) M (p. 288). The 
effect of the chloride ion could only be studied at 0.1 M, because of 
the low solubility of sodium chloride. The perchlorate ion accelerated 
the reaction as the concentration was increased. The bromide ion 
concentration was altered (0.2 - 1.0) M, and the effect on the rate 
was investigated (see p. 289). The results show that the reaction rate 
is increased as the bromide ion concentration is increased and Br has 
more effect than C£0^ on the acceleration of the rate. To explain the 
situation, more, the effect of ions at constant ionic strength was 
investigated, where (Br + C&O^ ) remained constant at 0.7 M; results 
are given on p.290. At constant ionic strength the increase in Br
concentration which is accompanied by the same order of decrease in 
C£0  ^concentration leads to a decrease in the rate of the bromination 
reaction.
So far the mechanism of the reaction is not very clear; it is : 
certainly not a simple bimolecular electrophilic substitution, because 
in that case the benzylmethyl ether is not expected to form. Possibly 
the benzyl bromide is formed by a simple S^2 process, and the ether by 
some other type of process. The latter could involve a reactive 
intermediate which rapidly reacts with the solvent to give the ether.
On the other hand, both the bromide and the ether might be formed from 
the same intermediate.
However, iodination of these reactions suggests a simple electro­
philic substitution by I2, and it is very unlikely that moving from 
iodine to bromine, although the reactivities are different, a drastic 
change of mechanism as such could have happened; the reactivity of the 
benzyl group in iodination reactions is almost 4000, and in the 
bromination 8000, with methyl taken as 1000: the most possible way that 
the situation can be explained is that the products of the bromination 
reactions as benzyl bromide and benzylmethyl ether are formed in two 
different ways by two different mechanisms.
One possibility is shown in Scheme 1. The bromide is formed by 
a simple S^ 2 process, and the ether is formed via an intermediate 
that is attacked by the solvent to yield the ether in an S^2-type 
process.
SCHEME 1
C 0 H 5 C H 2 S 1 1 R 3  +  B t *2
Sr.2E -> C6H5CH2Br + R3SnBr
V S: S.,2 
[C6H5CH2S11R3, Br2]  ---- ^  CsHsOfeOCHs
(R = Bu11, Prn, Et) 
(S = MeOH)
In the case of R = Me the same reactions as shown in Scheme 1 
take place, but with the cleavage of a methyl group as well as a benzyl 
group in the Sg2 pathway to form methyl bromide as well as benzyl 
bromide.
SECTION 9
REACTIONS OF BENZYLTRIALKYLTINS 
WITH CHLORINE/ IN METHANOL
Reactions of benzyltrialkyltins with chlorine, in the presence 
of chloride ion, in methanol
The reaction between benzyltrialkyltin and chlorine, in the 
presence of chloride ion, also takes place in two different ways (a) 
and (b), depending on the reactivity of the group split off.
C6H5CH2SnR3 C&2 CiT
---- - f >
-  P K
^ C6H5CH2C.it + R3SnCJt
(R = Bu11, Pr11, Et, Me)
(1)
Product analyses are described in full details in Section 16; 
the products being identified quantitatively by n.m.r. and g.l.c. In 
the cases where R = Bu11, Pr11 and Et, chlorination took place by the 
cleavage of the benzyl group only. However, the most interesting point 
is that, like the bromination reactions, the solvent must be taking 
part in the reaction, so that some of the benzyl cleavage leads to the 
formation of benzylmethyl ether as well as benzyl chloride. The n.m.r. 
spectra taken showed absorptions at 6 = 7.4-7.1 ppm which are due to 
the aromatic protons of the benzene ring, and 6 = 4.51 ppm and 
6 = 4.38 ppm due to the methylene protons of benzyl chloride and benzyl­
methyl ether respectively. Three proton absorptions of the methyl 
group of the ether appeared at 6 = 3.28 ppm. The chemical shifts are 
all downfield from T.M.S. , and the n.m.r. spectra indicate the 
following scheme for the chlorination reactions:
ro
CeHsQ^SnRa + Cit2
(R = Bu11, Pr11, Et)
r CgH5CH2C.il + R3SnC.il
(2)
C6H5CH20CH3
From the integral intensities obtained in the n.m.r. spectra the 
percentage formation-of the products were calculated, and are listed 
in the following table:
TABLE 1
Percentage formation of products in the chlorination 
of benzyltrialkyltins, in methanol
C6H5CH2SnR3 % C6H5Ch2C£ % CeHgCHzOCHs
R = Bu11 25 75
P*IIPS 23 77
R = Et 27 73
As can be seen in Table 1, the ratio of formation of products 
remained constant for the compounds studied, which suggests that the 
mechanism by which the reaction proceeds is identical and similar to 
that in the bromination reactions.
In the case of R = Me the products identified show that the. 
reaction proceeds by eqn (2), but from the calculations using the 
integral intensities it was concluded that methyl chloride was also 
formed as one of the chlorination products during the reaction. However, 
because it is a gas it is lost during the extraction process and does 
not show any absorption peak in the n.m.r. spectra.
C6H5CH2SnMe3 + CI2 Cl
f C6HsCH2C£ + R3SnC£
-> C6H5a i20CH3
MeC£ + C6H5CH2SnMe2C£
(3)
The formation of 241 benzyl chloride, 661 benzylmethyl ether and 
101 methyl chloride was deduced.
The question as to the effect of chloride ion concentration on 
the product formation ratio was investigated by g.l.c. using a range 
of concentrations of chloride ion, (0-0.8) M the source of which was
lithium chloride (see p.229). Using the calibration curve on p.231,
C Cwhich is obtained by plotting Area ^ + ^  against Concentration ^ -+-g-
(C and E indicate benzyl chloride and benzylmethyl ether respectively),
the results showed that as the chloride ion concentration present in the .
reaction is increased, the percentage formation of benzyl chloride is
slightly increased and is accompanied by a systematic decrease in the
benzylmethyl ether formation at the same time (see p.230) . Additionally,
the reaction in the presence of 0.25 M HCJi did not differ in terms of
the percentage of the products formed from 0.25 M LiC&.
From the results obtained so far it can be suggested that the 
chlorination reaction proceeds by the same mechanism as does the 
bromination, with the only difference that in the chlorination reactions 
a higher percentage of ether is formed. Kinetics of these reactions 
could not be followed because of the high rates of chlorination, 
therefore no more information about the reaction can be obtained 
kinetically.
The possibility of methylhypochlorite as an intermediate in the 
chlorination reactions must be considered, and therefore experiments 
were set up to investigate this. Methylhypochlorite is a very unstable 
substance with (b.p. 12°C/726), so ethylhypochlorite with (b.p. 36°C/752) 
was freshly prepared (see p. 186) and used for the investigations.
Two sets of reactions between benzyltri-n-butyltin and ethyl­
hypochlorite in methanol were carried out, one in the absence and the 
other in the presence of 0.5 M chloride ion; details are given on 
p. 243. The n.m.r. spectra showed the formation of 29Vbenzyl chloride 
and 711 benzylmethyl ether (see p.311), as the products of both 
reactions, which are the same products and in the same order as in the • 
chlorination reactions. The spectra also showed that in the first 
case, in the absence of chloride ion, only 201 of the originally added 
benzyltri-n-butyltin was used up, and in the second case in the 
presence of 0.5 M chloride ion 50V of the benzyltri-n-butyltin was 
consumed. Two more sets of experiments in the presence of 0.5 M 
chloride ion were carried out, one quenched after two minutes and the 
other after 45 minutes. The n.m.r. spectra showed that in the first 
set the products are formed in a much lower concentration than in the 
second set. Even in the second set, after 45 minutes reaction time,
301 of the benzyltri-n-butyltin was left unreacted. Therefore, at 
this point, it is clear that the chlorination reaction does not proceed 
through ethylhypochlorite as an intermediate, since the rate of 
reaction via the hypochlorite is very much less than the extremely fast 
rate of chlorination. It is interesting that ethylhypochlorite did 
not react with benzyltri-n-butyltin at all in CCV, and the apparent 
reaction in methanol is most likely due to a slow decomposition of the 
hypochlorite to yield chlorine, followed by the usual chlorination 
reaction. This would explain the enhanced reactivity of the hypo­
chlorite in the presence of Cl , since hypochlorites are known to 
decompose in the presence of halide ion.
As a result of these experiments, it can be concluded that the 
chlorination does not proceed through an intermediate such as
methylhypochlorite, and because of the similarity between chlorination 
and bromination reactions one can exclude such an intermediate in the 
bromination reactions as well.
Further experiments on the products of chlorination and 
bromination in different solvents and reactions of interhalogens are 
discussed in the following section.
SECTION 10
FURTHER MECHANISTIC STUDIES; REACTIONS OF 
BENZYLTRI-N-BUTYLTIN WITH BROMINE, 
CHLORINE AND INTERHALOGENS IN VARIOUS SOLVENTS
1. Bromination and chlorination reactions of benzyltri-n-butyltin
in the presence of the corresponding halide ion in a variety
of solvents
Bromination and chlorination of benzyltri-n-butyltin in different 
solvents was carried out in order to investigate the effect of the 
solvents used in the halogenation reactions in terms of the products 
obtained. The n.m.r. spectra taken were consistent with the 
appropriate benzyl ether formed from each solvent used:
C6H5CH2X + BugSnX
CD
CgHgQ^OR 
(X = Br, CD
(R = Me, Et, Pr11, Bu11, Bu1)
A series of halogenation reactions was followed in 50/50 (mole 
fraction) mixtures of methanol and the other alcohols ROH (R = Et, Pr11, 
Bu11, Bu1). The n.m.r. spectra taken showed the formation of benzyl 
halide (bromide, chloride) and a mixture of benzyl ethers corresponding 
to the solvents used in the solvent mixture. For an example see p.312.
In the bromination reactions, because the methylene peaks of the 
ethers and the benzyl bromide were close to each other, the exact 
percentage of the products could not be calculated. However, a rough 
estimation showed almost 601 formation of benzylmethyl ether and 40% 
of the other benzyl ether, corresponding to the alcohol used.
In the chlorination reactions, the methylene peaks of the chloride 
and ethers are well apart from each other, therefore the ratios could 
be calculated and these are given in Table 2, p. 248. The results show 
that almost 50% benzylmethyl ether and 50% of the other benzyl ether 
corresponding to the alcohol used are formed.
CgHsCHgSnBus + RCH
Therefore, in the halogenation in a 50/50 mixed solvent the reaction 
proceeds by the foimation of 50/50 mixed ethers, no matter how reactive 
is the solvent. This suggests that the intermediate formed in both 
bromination and chlorination reactions of benzyltrialkyltins does not 
actually discriminate between mixed solvent molecules in teims of their 
reactivity. Therefore the intermediate must be very reactive and, as 
soon as it forms, it reacts with a surrounding solvent molecule. So, 
in a 50/50 (mole fraction) mixed solvent, the formation of 50/50 of 
the corresponding benzyl ethers is observed, even though methanol is 
usually regarded as a more reactive alcohol than the other alcohols 
used.
2. Reaction of benzyltri-n-butyltin with interhalogens in
solvents methanol and carbon tetrachloride
More investigations were carried out using the interhalogens 
iodine monochloride, iodine monobromide and bromine monochloride, as 
the halogenating reagents towards benzyltri-n-butyltin in solvents 
methanol and carbon tetrachloride. The interhalogens were freshly 
prepared just before the experiments, and various check experiments 
and blank experiments were carried out at the same time as the main 
reactions; for details see Section 17.
Products of the reactions were identified by n.m.r. and the 
spectra taken showed the products as listed in Table 1 (p. 164). It is 
clear from this table that the formation of benzyl halide in solvent 
methanol proceeds by an electrophilic-type substitution. The heavier 
halogen atom of the pair carries a positive charge, as in I — C£ , 
and an electrophilic substitution of the benzyl-tin group would .be
expected to lead to the benzyl halide with the heavier halogen atom, 
i.e. benzyl iodide from I-C&.
TABLE 1 ;
Products of the reaction of CeH5 CH2SnBu? with interhalogens
Interhalogen in MeOH in CCi.
I-CS. C61I5CH2I (100%) C6H5CH2I (66%),
C6H5CH2a  (34%)
I-Br C6H5CH2I (1001) C6H5CH2I (50%), 
C6H5CH2Br (50%)
Br-a C6HsCH2Br (661), C6H5CH2Br (86%),
C6H5CH20CH3 (34%) C6HSCH2C5. (14%)
Thus it is shown that in the halogenation of benzyltrialkyltins 
an electrophilic substitution and not a nucleophilic substitution is 
responsible for the formation of benzyl halides as one of the products 
of the reactions.
The interhalogens in carbon tetrachloride proceeded by the 
formation of two benzyl halides as the products in each experiment (see 
Table 1) . The ratio of the products obtained changed from one inter­
halogen to the other, and might be due to the different electro­
negativities of the halogen atoms, as well as to possible radical 
pathways.
Blank and check experiments carried out ruled out any reaction of 
interhalogens with solvents, and any dissociation of interhalogens to 
the corresponding halogens during the reaction.
SECTION II
CONCLUSIONS ON THE HALOGENATION 
REACTIONS OF BENZYLTRIALKYLTINS
Conclusions on the halogenation reactions of benzyltrialkyltins
The reactions of the benzyltrialkyltins with mercury(II) salts in
methanol seem to be quite straightforward examples of S^2 processes.
The kinetic form is second-order overall, first-order in each reactant,
and very clean products are obtained, from cleavage of the benzyl-tin
bond. The only anomaly encountered in this work is that reaction of
benzyltrimethyltin was observed to lead to methyl-tin cleavage,
148whereas Reutov has reported benzyl-tin cleavage to take place. As 
shown on p. 118, the observation of methyl-tin cleavage is much more in 
accord with the relative reactivities of the groups than is the reported 
methyl cleavage. The reactivity of the benzyl-tin groups, obtained in 
the present work for the first time, towards mercury(II) salts, is set 
out in Table 1.
TABLE 1
Relative reactivity of R-Sn bonds
Reagent Benzyl Me Et Pr11 Bu11
HgC&2 21 1000 2.2 0.41 0.40
Hg(OAc) 2 45 1000 4.4 0.89 0.74
Iz 4000 1000 145 75 32
Br2 8000* 1000 555 76
Br2 14400^ 1000 555 76
* Benzyl cleavage to form benzyl bromide
f Total benzyl cleavage to form benzyl bromide and benzylmethyl ether
Cleavage of the benzyl group takes place rather more easily than 
do cleavages-of the primary alkyl groups but appreciably less easily
than does cleavage of a methyl group. Comparison with the relative 
reactivities of benzyl-transition metal compounds towards mercury (I I) 
salts, Table 18, p. 107, shows that the benzyl-tin bond is rather more 
reactive by comparison to the primary alkyl groups. The concept of 
vertical stabilisation or 6-tt conjugation involving the benzyl groups 
and the tin atom seems not to be operative in the benzyl-tin cleavages, 
because a high reactivity of the benzyl group would then be expected.
Iodination of the benzyltrialkyltin compounds is also a straight­
forward reaction in terms of products and kinetics. In the case of 
benzyl-SnR3 (R = Bu11, Pr11 and Et) only the benzyl group is cleaved to 
yield benzyl iodide in quantitative yield, but with the benzyltri- 
methyltin compound both the benzyl (70%) and the methyl (30%) groups
153
are cleaved; again this is contrary to the results of Reutov. In 
all cases, however, the stoichiometry is very simple, being exactly 
1:1 in the tin compound and iodine. Similarly, the kinetic form is 
simple, second-order overall and first-order in each component. Free 
radical substitution neither affects the products nor the reaction 
rate, so that, indeed, chain reaction seems to be excluded. Kinetic 
salt effects show that the transition state can have only a moderate 
charge separation. Unlike the mercuration reaction, the iodination 
shows the benzyl group to be extremely reactive (Table 1). This 
observation does suggest that the mechanism of the benzyl-tin cleavage 
by iodine is not the same as that by mercury (I I) salts.
Unlike the mercuration or iodination reactions, the action of 
bromine or chlorine on benzyltrialkyltins in methanol leads to the 
formation of a quite anomalous product, benzylmethyl ether.
r C6H5CH2X + RaSnX
C6H5CB2SnR3. + X2 X > (1)
C6H5CH20CH3
(R = Bu11, Pr11, Et)
(X = Br, «)
Since benzylmethyl ether is formed, there must be HX (X = Br, C&) 
formed in the same amount as the ether. Therefore the following ratios
has measured the HC& concentration in the chlorination of benzyltri-n- 
butyltin spectrophotometrically using p-toluidine as the proton acceptor 
and the results obtained are in good agreement with the theoretically 
calculated ones.
In the benzyltrimethyl case, in both reactions, the products 
showed that some of the methyl-tin bond is cleaved as well as benzyl-tin
should be obtained: [HX]/[X2] ~ [C6H5CH2OCH3]/[Total product]. Ling175
CeHsCHzSnMea + X2 X
CeHsCHzX + R3SnX
C6H5CH2OCH3 (2)
MeX + CeHsOhSriMezX
(X = Br, CQ
Quantitative results are given in the following table
TABLE 2
Percentage formation of the products in the 
halogenation reaction of benzyltrimethyltin
CeH5CH2SnMe3 + X2 % CgHgCHzX % CeHsCHaOCHa % MeX
C6H5CH2SnMe3. + I2 
C6H5CH2SnMe3 + Br2 
C6H5CH2SnMe3 + C^ 2
70
51
24
0
33
66
30
16
10
In all the reactions, however, exactly 1 mol of halogen is 
consumed per mol of the benzyltrialkyltin.
Variation of the concentration of both reactants did not affect 
the rate constant of the reaction and, therefore, the reaction is 
second-order overall, first-order in each reactant.
The possibility of the reaction involving radical species was
checked by addition of strong inhibitors; the rate of the reaction and
X76the products remained unchanged. Reutov has studied the 
halogenation of organotin compounds in CC&1+ solution in the dark and 
has shown that the process involves radical chain pathways that are 
inhibited by the addition of as little as 0.5 vol% t-butanol. This 
again points to the absence of radical chain reactions in the present 
halogenations carried out with alcohols as the solvent.
The bromination and chlorination reactions are not straightforward 
electrophilic substitutions because of the formation of the ether, but 
they can still proceed in part through electrophilic substitution to 
form benzyl halide; at the same time another type of reaction 
(certainly not an electrophilic type), probably involving an inter­
mediate proceeds to form the ether as one of the reaction products.
The possibility of methylhypobromite or methylhypochlorite as an 
intermediate in bromination and chlorination reaction, respectively, 
was ruled out.
Further studies were carried out using different alcohols as the 
solvents in the bromination or chlorination of benzyltri-n-butyltin.
The analysis of the products showed the formation of benzyl halide and 
the appropriate benzyl ether of the solvent used. In a series of 
halogenation reactions in 50/50 mixtures of methanol and other solvents 
the etheis foimed were in .50/50 proportion. Therefore the intermediate
is probably very reactive, and does not discriminate between solvent 
molecules of different reactivities.
More investigations on the bromination and chlorination reaction 
mechanisms were carried out using interhalogens such as iodine 
monochloride, iodine monobramide and bromine monochloride, in the 
reaction with benzyltri-n-butyltin in methanol. The product analyses 
showed that in all of these reactions the benzyl group is cleaved to 
form the benzyl halide of the heavier halogen atom in the interhalogen 
used. Therefore the reaction seems to proceed by an electrophilic 
substitution mechanism. This leads to the conclusion that the benzyl 
halides formed in the halogenation reactions are possibly formed by 
an electrophilic substitution at the benzylic carbon atom. The ether 
is not formed in this way, but through a very reactive intermediate.
Further, the reactivity of the benzyl group in the halogenation 
of organotin compounds was not known, but from the halogenation 
reactions carried out in this work on benzyltrialkyltin compounds, the 
relative reactivity of the benzyl can be obtained (see Table 1).
In all the halogenation reactions, the benzyl group exhibits a 
very high reactivity. From the sequences (Table 1) it can be deduced 
that probably the bromide and chloride are produced by the same 
mechanism as is the iodide. Although the experiments on the inter­
halogens suggest electrophilic attack by the heavier halogen, the 
very different reactivity of the benzyl group in halogenation and 
mercuration argues against a simple S^ 2 reaction, unless for some 
reason ’vertical stabilization1 in the transition state operates in 
halogenation but not in mercuration.
A large number of recent work on the halogenation of alkyl-
100-105transition metal complexes suggests that the electrophile
does not directly attack the a-carbon, but oxidizes the complex so 
that the actual carbon-metal bond cleavage is caused by a rapid subsequent 
nucleophilic attack at the a-carbon. Evidence for such a mechanism is 
summarised and given in Section 4, where, in the reactions of C o ^ ^  
complexes with halogens, the formation of C o ^ ^  intermediate has
1 flfi
actually been demonstrated and established.
A one-electron oxidation mechanism is also suggested for F e ^ ^  
complexes with halogens, and is followed by an S^2 displacement; 
various acyliron alkyls gave esters upon treatment with alcoholic 
oxidants. 30’ 34'99' 108
Following the various reaction mechanisms discussed in Section 4, 
it is possible to apply one or two (either as such or as variants) to 
the halogenation reactions studied in this work. Some possibilities 
are shown in Schemes 1 and 2.
SCHEME 1
• + — ;
Benzyl —  S11R3 + X2 ----- ^ [Benzyl —  S11R3 X.X~]
v
Benzyl —  S Benzyl -—  X
SCHEME 2
+
Benzyl —  SriR.3 + X2 --- » Benzyl —  SnR3 X
X
X~ + Benzyl — - SnR3
+
Benzyl —  X
S
■ y
Benzyl -—  S
Both the above mechanisms lead to the products formed in the 
reaction, by way of a very reactive intermediate. However, they are 
not very likely to happen in the case of the benzyl-tin compounds, 
because it seems very difficult to remove one electron from tin to 
foim S n ^  as an intermediate (Scheme 1), or two electrons to form 
Sn^^ (Scheme 2). Of course, oxidation of many of the transition 
metal organometallics will be comparatively easy and hence the above 
mechanisms then become more favoured.
Although a one-electron oxidation of S n ^ ^  to S n ^  must be very 
difficult, it is known that an electron can be removed from a benzyl- 
tin bond (see Section 4) much more easily than from a simple alkyl-tin 
bond. Two schemes, based on such an electron transfer process, are 
shown in Schemes 3 and 4.
SCHEME 3
Benzyl - SnR3 +X2 Electron transfer [Benzyl.SnR3] +X’ 
X
Elimination
CC£ > Br > I) Benzyl - S Benzyl-X (I > Br > CZ)
SCHEME 4
Benzyl - SnR3 + X2 >  Benzyl - X
Electron transfer
v
X” + Benzyl. SnR3 
X
Elimination >' Benzyl - X (I > Br > C&)
S: ^2
■> Benzyl - S (C& > Br > I)
It is very difficult to decide if the benzyl halide is formed in 
the electron transfer process (Scheme 3) or in an S^2 process as shown 
in Scheme 4. If, indeed, the halide is formed as shown in Scheme 3, 
then it must be accepted that even in the iodination of the benzyl-tin 
compounds, the benzyl iodide is produced by an electron transfer process; 
no ether is formed because the elimination step with X = I predominates 
over the S^2 step. Perhaps it is more likely that the halides are 
formed in an S^ 2 process, but then the very high reactivity of the 
benzyl-tin group has to be explained by some effect such as vertical 
stabilisation. The observation that the heavier interhalogen forms 
the benzyl halide fits in with both an S^2 reaction and an electron 
transfer mechanism. In the latter process, the more electronegative 
halogen should form X~ in Scheme 3.
According to the literature in organotin compounds, there is no 
case reported where ether is formed as one of the products of 
halogenation of organotin compounds.
177Broadhurst- studied the halogenation (I2, Br2, C&2) of a number 
of tetra-alkyltins (R = Me, Et, Pr11, Bu11, Pr1, s-Bu) by g.I.e. 
quantitatively, and showed that no ether is formed in any of the reactions.
So the halogenation of benzyltrialkyltins proceeds in a different 
way in comparison with symmetrical tetraalkyltins, but with some 
similar behaviour to that of organotransition metal compounds (see 
Section 4, Part 2). Altogether, the halogenation of benzyltrialkyltins 
in methanol is a unique case in non-transit ion organometallic chemistry.
EXPERIMENTAL
SECTION 12
PREPARATION AND PURIFICATION OF MATERIALS
1. ORGANOTIN COMPOUNDS
la. Tetra-alkyltins
The tetra-alkyltins were gifts from Dr M H Abraham, and we re 
redistilled under reduced pressure before use; the properties of the 
tetra-alkyltins are listed in Table 1:
TABLE 1
Physical properties of tetra-alkyltins
Compound Found 
b.p./°C (mm)
Literature 
b.p./°C (mm)
Ref
tetra-n-butyltin - 145/11 61
tetra-n-propyltin 113/10 113/10 61
tetraethyltin (72-73)/15 65/12 60
tetramethyltin (78-80)/760 78/760 61
lb. Preparation of trialkyltin chlorides (alkyl - Bu11, Pr11, Et, Me)
Tri-n-butyltin chloride was available frcm B.D.H.; the 
triethyl tin chloride was a gift frcm Dr M R Sedaghat-Herati, and was 
redistilled before use. Tri-n-propyltin chloride and trimethyltin. 
chloride were prepared as follows, with the procedure illustrated for 
tri-n-propyltin chloride; the physical properties of the trialkyltin 
chlorides are given in Table 2.
(i) Preparation of tri-n-propyltin chloride
Tetra-n-propyltin (39 g, 0.14 mol) was placed in a 250 ml round 
bottomed flask equipped with a reflux condenser, and anhydrous tin (IV) 
chloride (11.6 g, 0.05 mol) was carefully and gradually added. The 
mixture was heated on a steam bath for about two hours, then transferred 
to an oil bath and heated up to 200°C for about four hours. The 
reaction product was then fractionated under reduced pressure and 
tri-n-propyltin chloride (about 37 g) was collected (121-123°C/12 mm).
(ii) Preparation of trimethyltin chloride
The preparation of this compound follows the same procedure as 
described above, using the following quantities: tetramethyltin (50 g, 
0.28 mol) and anhydrous tin (IV) chloride (24.5 g, 0.09 mol). The 
mixture was heated up to 160°C for about four hours. The reaction 
product solidified on cooling. Fractionation at atmospheric pressure 
yielded a main fraction b.p. 153-156°C and weighing about 53 g; the 
fraction had m.p. 35.5°C.
TABLE 2
The physical properties of trialkyltin chlorides
Compound Found 
b.p./°C (mm)
Literature 
b.p./°C (mm)
Ref
tri-n-butyltin chloride - 172/25 178
tri-n-propyltin chloride (121-123)/12 (119.5-121.5) /12 178
triethyltin chloride (89.5-92)/12 (89-91)/12 178
trimethyltin chloride (153-156)/760 (154-156)/760 178
1 c. Preparation of benzyltrialkyltins (alkyl = Bu11, Pr11, Et, Me)
(i) Preparation of benzyltri-n-butyltin
A crystal of iodine was placed in a clean and dry 1 litre,
3-necked QQ flask and was covered with magnesium turnings (8 g) . The 
flask was equipped with a stirrer, reflux condenser, separating funnel 
and calcium chloride tubes and was then assembled on a steam bath and 
left overnight.
Benzyl chloride (32 g, 29 ml) was dissolved in dried ether (150 ml) 
and a portion of this was added from the separating funnel to the. 
mixture. When the reaction started, the mixture was stirred and more 
benzyl chloride was added a little at a time in order to maintain 
gentle reflux. The mixture was then heated on a steam bath for one 
hour, then allowed to cool, and tri-n-butyltin chloride (80 g) was 
slowly added from the separating funnel, so as to maintain gentle 
reflux, after which the mixture was heated and refluxed for a further 
two hours on the steam bath.
The flask was then allowed to cool to room temperature and a further 
quantity of dried ether (150 ml) was carefully added. The mixture was 
then decomposed by the dropwise addition of ice-cold water, followed by 
2N-HC& (50 ml). The mixture was stirred until all the precipitate in 
the flask had dissolved, then the ether-water mixture was transferred to 
a large separating funnel and the aqueous layer was discarded. The 
ethereal layer was washed with 2N-HC& (50 ml) , water (100 ml) ,
2N-ammonia (50 ml), 2^ 11230^. (50 ml), and finally twice with water 
(200 ml) . The ethereal layer was then left to dry over anhydrous 
sodium sulphate overnight.
The sodium sulphate was filtered off, leaving a clean aiid almost 
colourless solution. A stream of ammonia from a cylinder was passed 
through the solution for 30 minutes. A slight precipitate was formed.
The solution was filtered, and ammonia was again passed through; no 
precipitate was formed. The solution was filtered again, ether was 
distilled off under the water pump, and then benzyltri-n-butyltin was 
distilled at (129-130°C/0.18 mm) . The n.m.r. spectrum was consistent 
with benzyltri-n-butyltin being the only species present (see p. 295)*
Found: C 57.02%, H 8.71%
Required for Ci9H31*Sn: C 56.70%, H 8.30%
(ii) Preparation of benzyltri-n-propyltin
Benzyltri-n-propyltin was prepared by the same method as described 
for the preparation of benzyltri-n-butyltin, using the following 
quantities: magnesium turnings (4 g), benzyl chloride (16.5 g, 15 ml), 
and tri-n-propyltin chloride (34 g). The reaction product was distilled 
and the main fraction was collected at 125-126°C/0.8 mm) . The n.m.r. 
spectrum was consistent with benzyltri-n-propyltin being the only species 
present.
Found: C 56.98%, H 8.38%
Required for Ci6H28Sn: C 56.70%, H 8.32%
(iii) Preparation of benzyltriethyltin
Benzyltriethyltin was prepared by the same method as described in 
detail for the preparation of benzyltri-n-butyltin, using the following 
quantities: magnesium turnings (4 g), benzyl chloride (16.5 g, 15 ml), 
and triethyltin chloride (40 g). The reaction product was then distilled 
under reduced pressure, and the main fraction was collected at
(67-65°C/0.2 mm). The n.m.r. spectrum was consistent with benzyl­
triethyltin being the only species present.
Found: C 52.67%, H 7.62%
Required for Ci3H22Sn: C 52.67%, H 7.47%
(iv) Preparation of benzyltrimethyltin
Benzyl trimethyltin was prepared following exactly the same method 
as described in detail for the preparation of benzyltri-n-butyltin, 
using the following quantities: magnesium turnings (4.7 g), benzyl
chloride (19 g, 17.25 ml) and trimethyltin chloride (30 g). The reaction 
product was then distilled under reduced pressure using a water pump, 
and the main fraction was collected at (101-104°C/15 mm). The n.m.r. 
spectrum was consistent with benzyl trimethyltin being the only species 
present (see p.296).
Found: C 47.30%, H 6.33%
Required for CioHi6Sn: C 47.10%, H 6.33%
(v) Substituted benzyltri-n-butyltin compounds
The substituted benzyltri-n-butyltin compounds such as p-Me, m-Me, 
p-C&, m-C&, 3,4-dichloro, P-F compounds were gifts from Dr M H Abraham 
and were used without further purification.
2. BENZYL COMPOUNDS
2a. Benzyl halides
(i) Benzyl iodide
Benzyl iodide was prepared by the following exchange reaction:
PhCH2a  •+ Nal acetone>  PhCH2I + NaCA
Benzyl chloride (1.1 g, 1 ml) and sodium iodide (1.5 g) were added to a 
100 ml volumetric flask where the solvent was acetone, shaken well and 
left overnight. The precipitate was filtered off and the filtrate was 
mixed well with distilled water and extracted with carbon tetrachloride 
(50 ml). The n.m.r. spectrum of the extract showed the presence of 
unchanged benzyl chloride as well as benzyl iodide as the product of the 
reaction. The concentration ratio of formed benzyl iodide to benzyl 
chloride in the mixture was found to be 1.45/1 by. n.m.r., using 
triphenyl methane as an internal standard.
(ii) Benzyl bromide
Benzyl bromide was obtained from B.D.H. It was redistilled under 
an atmosphere of nitrogen and reduced pressure using, a water vacuum 
pump, and the main fraction was collected at (122-126°C/15 mm) .
(iii) Benzyl chloride
Benzyl chloride was obtained from B.D.H. It was redistilled under 
an atmosphere of nitrogen and reduced pressure using a water vacuum 
pump. The main fraction was collected at (110-112°C/15 mm).
2b. Preparation of benzylalkylethers
(i) Preparation of benzylmethylether
An excess of distilled methanol (150 ml) was placed in a clean 
and dried 500 ml round bottomed flask equipped with a reflux condenser 
and a heater. Sodium metal (4.7 g) was weighed in paraffin (using 
gloves) and carefully cut into small pieces. Each piece was then 
carefully wiped with filter paper in order to absorb the paraffin and 
then gradually added to the flask. When all the sodium had dissolved, 
benzyl chloride (20.7 g, 19 ml) was carefully added to the mixture and 
heated for about ten hours, so as to maintain gentle reflux. After 
cooling, the formed precipitate of sodium chloride was filtered off at 
the pump, and the methanolic filtrate was evaporated under a stream of 
nitrogen. The resulting product was distilled at (65-68°C/15 mm)
(Lit. 62-70°C/15 mm). The n.m.r. spectrum was consistent with benzyl­
methylether as the only species present.
Found: C 75.82%, H 8.02%
Required for C8Hi0O: C 78.65%, H 8.25%
(ii) Preparation of benzylethylether
Benzylethylether was prepared in exactly the same way as described 
for the preparation of benzylmethylether, using an excess of absolute 
ethanol (150 ml) , sodium metal (3.4 g), and benzyl chloride (18.6 g,
17 ml). The reaction product was distilled and the main fraction was 
collected (78°C/15 mm) (Lit. 79°C/18 mm). The n.m.r. spectrum was 
consistent with benzylethylether as the only species present.
Found: C 76.65%, H 8.32%
Required for C 9 H 1 2 O :  G 79.37%, H 8.88%
3. SOLVENTS AND GENERAL REAGENTS
3a. Purification of solvents
(i) Methanol
Laboratory grade methanol was obtained from B.D.H. It was first 
refluxed for 30 minutes and then distilled under an atmosphere of 
nitrogen. The middle constant boiling fraction was collected 
(64-64.5°C) (Lit. 64.S°C ) . 179
(ii) Carbon tetrachloride
Laboratoiy grade carbon tetrachloride was obtained from B.D.H.
It was washed several times with distilled water, left to dry over
sodium sulphate, then filtered and used.
(iii) Methylene chloride (dichloromethane)
Laboratory grade methylene chloride was obtained from B.D.H. and 
was used without further purification.
3b. Purification of general reagents
(i) Mercury (II) salts
Mercury (II) chloride (AnalaR grade) was recrystallized twice from 
methanol and dried at 65°C at a pressure of 1-2 mm of mercury until no 
further loss in weight occurred. The resulting product had a m.p. of 
268°C (Lit. 277°C ) .18°
Mercury (II) acetate (B.D.H. laboratory grade) was recrystallized 
twice from glacial acetic acid. The resulting product had a m.p. of 
170°C (Lit. 170-172°C ) * 81 .
(ii) Halogens
Laboratory grade iodine and branine were obtained from B.D.H. and 
were used with no further purification. Chlorine was used as a chlorine 
solution, by passing chlorine gas from a cylinder through carbon 
tetrachloride. The concentration of the chlorine solution was found by 
addition of aliquot portions of the carbon tetrachloride solution to an 
excess of aqueous potassium iodide, followed by titration of the 
liberated iodine against standard sodium thiosulphate solution. The 
inhomogeneous mixture was well shaken during the titration.
Ciii) T etracyanoethy lene
Laboratory grade tetracyanoethylene (TCNE) was obtained from 
Aldrich Chemicals Co., and was used without further purification.
4. OTHER MATERIALS
4a. Preparation of ethyl hypochlorite
Ethyl hypochlorite was prepared by reacting the appropriate alcohol
(ethanol) at 0°C with 1 equiv of commercial sodium hypochlorite solution
182(chlorox) and 1 equiv of acetic acid.
0°c
EtCH + NaOCJl + HOAc EtOCX + NaOAc + H20
The reaction product, ethyl hypochlorite, was formed very quickly after 
mixing as a yellow, oily layer on top of the aqueous mixture. Ethyl 
hypochlorite is unstable towards heat and light and possesses a very 
irritating odour (b.p. 36°C/752 mm Hg) therefore the preparation was 
carried out in the dark using an ice bath in a fume cupboard. Aliquot 
portions were taken for experiments from the upper oily layer as soon 
as it was fomed.
4b. Galvinoxyl
2:6-Di-tert-butyl-a-(3:5-di-tert-butyl“4-oxo-2:5-cyclohexadien- 
1-ylidene-P-telyloxy: -
tert.-Bu Bii-tert.
tert.-Bu Bu-tert.
The galvinoxyl, a black, solid, long-lived free radical of 
m.p. 157.5°C, was a gift from Professor A G Davies, and was used with 
no further purification.
4c. Interhalogens
Interhalogens such as iodine monochloride, iodine monobromide, and 
bromine monochloride, were prepared by the equivalent addition of the 
elements in carbon tetrachloride (see Section 17).
4d. Inorganic salts
(i) Tetra-n-butylammonium salts
Tetra-n-butylammonium iodide and tetra-n-butylammonium bromide 
were obtained from B.D.H. and were used with no further purification.
(ii) Other salts
AnalaR grade sodium perchlorate, sodium bromide, sodium chloride, 
lithium chloride and B.D.H. laboratory grade sodium iodide were dried 
at 120°C in a vacuum thermostat oven for about four hours.
4e. Preparation of quench solutions
All the aliquot portions taken from the mercury (II) salt reaction
mixtures were quenched so that the final solution had a methanol:water
184ratio of 96:4 (volume/volume, before mixingj and contained 
2.5 x 10" 3 mol &”1 of potassium iodide. ALiquot portions were quenched 
in different compositions of quench solutions, depending upon the 
initial concentrations of the mercury (II) salts.
The quench solutions used in this work were prepared according to
181the method given previously. Their compositions are given below.
Quench
dilution Methanol/g Water/g
Potassium
iodide/g
1:5
1:100
747.25
754.80
49.85
40.30
0.519
0.419
The water content of the freshly distilled methanol used for
TOC
quench solutions has been deteimined by g.I.e., to be less than 0.28 
by weight, which was taken into account in preparation of methanol- 
water mixtures.
©SO
SECTION 13
PRODUCT ANALYSES ON THE MERCURATION REACTIONS 
OF BENZYLTRIALKYLTINS, IN METHANOL
1. General procedure
An equimolar solution of 0.05 M benzyltrialkyltin (alkyl = Bu11,
Pr11, Et, Me) and 0.05 M mercury (II) salt (salt - chloride, acetate) 
in solvent methanol (250 ml) was thermostatted at 25°C for one hour.
In the case of mercury(II) acetate the solution contained glacial 
acetic acid (1 ml) . Hie mixture was then left in the dark for two 
days, and then poured into an aqueous solution of 0.1 M sodium chloride. 
The resulting mixture was shaken well, extracted with chloroform, and 
the extract washed twice with water and evaporated to small bulk to 
yield a white crystalline solid and a pale orange-yellow coloured liquid 
(trialkyltin chloride). Small amounts of hexane were added to the 
mixture to dissolve the liquid fraction. The remaining solid was then 
filtered off through a weighed, sintered-glass crucible, washed with a 
little hexane, and dried to constant weight, then the m.p., n.m.r. and 
Cl and HI analyses were carried out.
2. Product analysis for reactions between benzyltrialkyltins 
and mercury (II) chloride (alkyl = Bu11, Prn, Et, Me)
2a. Product analysis for the reaction between benzyltri-n-butyltin 
and mercury (II) chloride in solvent methanol
The product analysis of the above reaction has been carried out 
186
by M D Morris. It was found that the reaction proceeded with the 
following stoichiometry:
PhCH2SnBu3 + HgCJl2 + PhCH2Hg«. + BuaSnCJl (1).
to yield benzyMercury(II) chloride (white crystalline solid) and 
tri-n-butyltin chloride (pale orange-coloured liquid), which were 
identified by n.m.r.
2b. Product analysis for the reaction between benzyltri-n-propyltin 
and mercury ( I I) chloride in methanol ~
The analysis was carried out by the procedure described on p. 190. 
Without crystallisation the white crystalline obtained had m.p.
(106-107)°C, whereas after recrystallisatio from a 1:1 mixture of xylene 
and ethanol it had m.p. 105°C (lit. m.p. of benzylmercury(II) chloride 
104°C) . The n.m.r. spectrum obtained of the crystalline solids was 
studied, and it showed the characteristic absorption peak of an 
aromatic compound at 6 = 7.25 ppm (all 6 values in ppm downfield from
T.M.S.), and another absorption peak,with the mercury satellites spread
symmetrically about, at 6 = 3.25 ppm. No other peaks appeared upfield 
in the spectrum, indicating especially the absence of any n-propyl 
groups (6 = 1.9-1.2 ppm) . Frcm the integrals ratio (5:2), the n.m.r. 
spectrum was consistent with benzyMercury(II) chloride being the only 
species present.
The percentage yield of benzyMercury(II) chloride was 901 based 
on the stoichiometry of the following equation:
PhCH2SnPrn + IIgCS.2 + Phayiga + Pr^SnO. (2)
Found: C 25.761, H 1.981
Required for C7H7HgC£: C 25.691, H 2.161
2c. Product analysis for the reaction between benzyltriethyltin 
and mercury (II) chloride in methanol
Product analysis of the above reaction was followed exactly by 
the procedure described on p. 190. The white crystalline product 
obtained had m.p. 105°C without recrystallisation. It was recrystallised 
from a 1:1 mixture of xylene and ethanol, and then had m.p. 104°C. The
nmr spectra taken showed the characteristic absorption peaks of 
benzyMercury(II) chloride at 6 = 7.25 ppm and 6 = 3.29 ppm, being the 
only species present.
The percentage yield of benzyMercury(II) chloride was 92% based 
on the stoichiometry of the following operation:
PhCH2SnEt3 + H g a 2 + 'PhCH2HgC£, + E t3SnCjl (3)
Found: C 25.81%, H 1.99%
Required for C7H7HgC&: C 25.69%, H 2.16%
2d. Product analysis for the reaction between benzyltrMethyltin 
and mercury (II) chloride in methanol '
(i) Product analysis of the above reaction was carried out in exactly
the same way as described in the general procedure on p. 190, but at the
end of the process no benzyMercury (II) chloride was isolated.
The only solid obtained frcm the experiment was a small quantity 
of white crystals which did not melt even after 200°C.
(ii) Another product analysis on the reaction was carried out by 
following the same procedure as described in the general procedure, 
except that the evaporation of the chloroform used for extraction was 
carried out by a vacuum evaporator, without heating. When all the 
chloroform had evaporated, white crystals appeared as the product of 
the reaction. A sample of the crude product, which was not washed with 
hexane, was dissolved in CDC&3 for nmr studies. The spectra showed the 
presence of methyl mercury (II) chloride at 6 = 1.05 ppm, with the 
mercury satellites symmetrically about, and the presence of benzyl- 
dimethyltinchloride, suggesting the following reaction:
PhCH2SnMe3 + HgC&2 MeHgC& + PhCH2SnMe2C&
2e. Product analysis for the reaction between benzyl trimethyltin 
and mercury (II) chloride in d^-MeOH
Sufficient amounts of the two reactants were added into an n.m.r. 
tube which contained 0.5 ml di+-MeOH. The tube was shaken and the 
spectrum was taken as quickly as possible immediately after mixing and 
continuing up to two hours later. The n.m.r. spectra showed the very 
quick formation of methylmercury( 11) chloride at 6 = 0.8 ppm, together 
with the unreacted benzyl trimethyltin. There was no change in the 
spectrum after two hours, but after leaving overnight all the methyl- 
mercury(II) chloride had disappeared.(see pp.297,298).
PhCH2SnMe3 + HgCJl2 dlt'MeCH^ MeHg« + PhCH2SnMe2a
2f. Product analysis for the reaction between benzyl trimethyltin 
and mercury (II) chloride in d6 -DMSO
Sufficient amounts of the two reactants were added into an n.m.r. 
tube which contained 0.5 ml d6-DMSO. The tube was shaken, and the 
spectrum was taken immediately after mixing. The n.m.r. spectrum showed 
the quick formation of methylmercury(II) chloride at <5 = 0.75 ppm, but 
no benzylmercury(II) chloride at all.
. The analysis suggested that the reaction in d6-DMS0 has the 
following stoichiometry:
PhCH2SnMe3 + Hg« 2 d6~.msoJ» MeHgCS, + PhCH2SnMe2C«.
3. Product analysis for reactions between benzyltrialkyltins
(Alkyl = Bu11, Pr11, Et, Me) and mercury (II) acetate
3a. Product analysis for the reaction between benzyltri-n-butyltin 
and mercury(II) acetate in methanol
The analysis was carried out exactly in the same way as described 
in the general procedure.
In the analysis of the reaction with mercury (II) acetate, aqueous 
0.1 M sodium chloride was used instead of water in order to convert the 
formed product, benzylmercury(II) acetate, to benzylmercury(II) 
chloride.
The isolated white crystalline product had m.p. 106°C, which agrees 
well with the literature value for benzylmercury(II) chloride. The 
n.m.r. spectrum taken was consistent with benzylmercury(II) chloride 
being the only species present (6 = 7.25 ppm, 6 = 3.29 ppm).
The percentage yield of benzylmercury(II) chloride was 93% based on 
the stoichiometry of the following equations:
PhCH2SnBu? + Hg(0Ac) 2 -*■ PhCH2HgOAc + BusSnOAc 
PhCH2HgOAc + NaCil -* PhCH2Hga + NaOAc
Found: C 25.86%, H 2.01%
Required for C7H7HgC£: C 25.69%, H 2.16%
3b. Product analysis for the reaction between benzyltri-n-propyltin 
and mercury (II) acetate in methanol — '
The product analysis of the above reaction was carried out by 
following the general procedure described above. The isolated white
crystalline product had m.p. (105-106)°C, which agrees well with the 
literature value for benzylmercury(II) chloride. • The n.m.r. spectrum 
taken showed the characteristic absorptions (6 = 7.25 ppm, 6 = 3.29 ppm) 
of benzyMercury(II) chloride, this being the only species present.
The percentage yield of benzy Mercury (II) chloride was 98% based 
on the stoichiometry of the following reactions:
PhCH2SnPr? + Hg (OAc) 2 PhCH2HgOAc + Pr^SnOAc
PhCH2HgOAc + NaCil >  PhCH2HgC£ + NaOAc
Found: C 25.83%, H 1.98%
Required for C7H7HgCJi: C 25.69%, H 2.16%
3c. Product analysis for the reaction between benzyltriethyltin 
and mercury (II) acetate in methanol
The general procedure was applied to the product analysis of the 
above reaction, where the isolated white crystalline solid, m.p. 106°, 
was identified as benzyMercury(II) chloride. The n.m.r. spectrum 
taken was consistent with benzyMercury(II) chloride being the only 
species present.
The percentage yield of benzyMercury(II) chloride was 95% based 
on the stoichiometry of the following equations:
PhCH2SnEt3 + Hg(0Ac) 2 ->• PhCH2HgOAc + Et3SnOAc
PhCH2HgOAc + NaC£ + PhCH2Hga + NaOAc
Found: C 25.62%, H 2.11%
Required for C7H7HgC&: C 25.69%, H 2.16%
3d. Product analysis for the reaction between benzyltrimethyltin 
and mercury (II) acetate in methanol
The product analysis was followed by the usual procedure, except 
that the chlorofoim was evaporated by vacuum evaporator without heating 
and the crystals formed were not washed with hexane. A sample of this 
crude product was taken for n.m.r. investigations.
The spectrum showed the presence of methylmercury(II) chloride 
and benzyltridimethyltin chloride, suggesting the following reactions:
PhCH2SnMe3 + Hg(0Ac) 2 + MeHgOAc + PhCH2SnMe20Ac
MeHgOAc + NaC& -*■. MeHgC£ + NaOAc
SECTION 1H
PRODUCT ANALYSES ON THE REACTION BETWEEN 
BENZYLTRIALKYLTINS AND IODINE, IN METHANOL
1. General procedure for analysis by n.m.r.
In the pure iodination, a solution of iodine in methanol was added 
to a methanolic solution of benzyl trialky It in and sodium iodide so that 
the final solution (100 ml) was 4 x 10 2 M in benzyltrialkyltin and 
10 x 10“2 M in iodide ion and 2 x ICf2 M in iodine.
The reaction mixture was then left in the dark overnight. The next 
day it was slightly yellow coloured. A few drops of sodium thiosulphate 
solution in water was added to decolorise it, and then it was mixed 
with distilled water (150 ml) and extracted with carbon tetrachloride 
(25 ml). The extract was washed twice with distilled water and kept 
over anhydrous sodium sulphate overnight; it was then filtered and made 
up to 25 ml.
Two sets of other experiments were carried out; first, iodination 
in the presence of 0.5 M bromide ion, the source of which was sodium 
bromide; the second iodination was carried out in the presence of 0.5 M 
chloride ion, the source of which was lithium chloride. All other 
conditions of the experiments were the same as described for the pure 
iodination above, using the same quantities of tin compound, iodide ion 
and iodine.
All the products obtained were analysed by n.m.r. using T.M.S. as 
an internal standard.
la. Product analysis on the iodination of benzyltrialkyltins
(Alkyl - Bu11, Pr11, Et) in the presence of iodide ion, in
methanol, by n.m.r.
The product analyses were carried out by following the method 
described in the general procedure. The n.m.r. spectra taken from each
reaction showed 100% formation of benzyl iodide as the only product of 
the iodination reactions:
lb. Product analysis on the iodination of benzyl trimethyltin in the 
presence of iodide ion, in methanol, by n.m.r.
The product analysis was followed in exactly the same manner as 
the general procedure. The n.m.r. spectrum taken showed the formation of 
methyl iodide as well as benzyl iodide as the products of the reaction:
Using the integrals obtained from the n.m.r. spectrum, the formation of 
23% methyl iodide and 77% benzyl iodide was calculated (see p. 299).
Because methyl iodide is a volatile substance and therefore most 
probably some of it was lost during the extraction, the above percentage 
must represent the minimum amount of methyl iodide formed.
lc. Product analysis on the iodination of benzyltrimethyltin in the 
presence of iodide ion, in deuterated methanol (dit-MeOH) by n.m.r.
The reactants were mixed in an n.m.r. tube using an ampule of 
deuterated methanol (0.5 ml), benzyltrimethyltin and an excess of sodium 
iodide. The spectrum was taken as a blank spectrum, then iodine was 
added; the tube was shaken well and the spectra were taken immediately ' 
after mixing until the end of the reaction. During the reaction time, 
reaction proceeded by the formation of methyl iodide and benzyl iodide
PhCH2SnR3 + 12 PhCH2I + R3SnI
(R = Bu11, Pr\ Et)
PhCH2SnMe3 + I2
Mel + PhCHzSnMezI
(see p.300). Other components of the products such as trimethyltin-iodide 
and benzyldimethyltin-iodide were also identified:
- ' PhCH2I + Me3SnI
Using the integrals obtained from the n.m.r. spectrum, 261 formation of 
methyl iodide and 741 formation of benzyl iodide was calculated.
presence of iodide ion, in other solvents, by n.m.r.
The reactants were mixed in an n.m.r. tube using nitrobenzene and 
deuterated dimethylsulphoxide separately as the solvents, and an excess 
of sodium iodide. The tube was shaken well and the spectra were taken 
immediately after mixing. During the reaction time, reaction proceeded 
by the formation of methyl iodide and benzyl iodide:
Using the integrals obtained from the n.m.r. spectra, the percentage 
formation of the products was calculated. Results are given in Table 1:
Mel + PhCH2SnMe2I
Id. Product analysis on the iodination of benzyltrimethyltin in the
PhCH2I + Me3SnI
PhCH2SnMe3 + I2
Mel + PhCH2SnMe2I
TABLE 1
Percentage formation of the products in iodination 
reactions of benzyltrimethyltin
Solvent % PhCH2I % Mel
Nitrobenzene 71 29
d6-DMS0 62 38
le. Product analysis on the iodination of benzyltri-n-butyltin in
the presence of iodide ion and bromide ion, -in methanol, by n.m.r.
The reaction was carried out by the procedure described, using 0.5 M 
sodium bromide as the source of the bromide ion in the reaction mixture. 
The analysis by n.m.r. showed the formation of benzyl bromide as well as 
benzyl iodide as the products of the reaction:
PhCH2SnBu? + I2 - 1 ,Br-
Phffl2I + Bu?SnI 
PhCH2Br + Bu?SnBr
Because the chemical shifts of the methylene protons in benzyl 
iodide and benzyl bromide are so close to each other, the ratio of the 
formed products by using the integrals cannot be calculated.
If. Product analysis on the iodination of benzyltri-n-butyltin in the 
presence of iodide ion and chloride ion, in methanol, by n.m.r.
The reaction was carried out by the procedure described, using 0.5 M 
lithium chloride as the source of the chloride ion in the reaction 
mixture. The n.m.r. spectrum taken showed the formation of benzyl chloride 
as well as benzyl iodide as the products of the reaction:
PhCH,SnBu? + I, ’ CA
PhCH2I + Bu^Snl 
Phffl2«  + Bu^ SnCJ.
From the integrals it was calculated that the percentage formation 
of benzyl iodide and benzyl chloride was 541 and 461 respectively.
2. General procedure for analysis by g.l.c.
For a more rigorous quantitative analysis the experiment was carried
out with lower concentrations of each reactant, i.e. those used in the 
kinetic studies.
A solution of 4.73 x 10 2 M iodine in methanol (0.6 ml) was added to 
a methanolic solution of benzyltri-n-butyltin and tetra-n-butylammonium 
iodide, so that the final solution (50 ml) was 2 x 10~2 M in benzyltri-n- 
butyltin and 1 x 10"*3 M in iodide ion and 5.7 x 10”lf M in iodine. The 
reaction mixture was left in the dark for one hour, so that it was 
decolorised, then it was mixed with distilled water and extracted with 
carbon tetrachloride (25 ml) and then washed twice with distilled water 
and left over anhydrous sodium sulphate overnight. It was then filtered 
and made up to 35 ml, and used for gas chromatography investigations.
The column used was (31 SE30 - On Chromosorb G AW-DMCS (80-100) mesh) , 
using the maximum sensitivity at 130°C, nitrogen as the carrier gas 
(Air = Hyd = Nit = 16 lb/in2). This column was found to be the best in 
terms of the separation between benzyl iodide, benzyl bromide and benzyl 
chloride. 0.4 of the solution was injected into the column. The peaks 
obtained were not symmetrical, and a solution of 9.5 x 10-lt M benzyl iodide 
was used as a standard solution, and 0.4 ml of this solution was injected 
before and after the injection of the product solution.
Quantitatively the concentration of the product in the solution can 
be calculated using the following equation:
tTea * Known concentration = Unknown concentration Known area
Therefore, the peak areas of the product solution and the standard solution 
were cut and weighed, for each set of injections, and by the equation given 
the average concentration of the formed products was calculated.
2a. Product analysis on the iodination of benzyltri-n-butyltin in
the presence of iodide ion, in methanol, by g.l.c.
The reaction was set up as described in the general procedure, and 
the analysis was carried out by following the same method. The g.l.c. 
spectrum obtained showed the formation of benzyl iodide as the only 
product of the iodination reaction and quantitatively it was consistent 
with the formation of benzyl iodide in 1001 yield:
PhCH2SnBu? + I2 PhCH2I + Bu^Snl
2b. Product analysis on the iodination of benzyltri-n-butyltin in 
the presence of iodide ion and bromide or chloride ion, in 
methanol, by g.l.c.
Sets of experiments were carried out as on p.201, but in the presence 
of 0.1 M bromide ion, the source of which was tetra-n-butylammonium 
bromide, or 0.1 M chloride ion, the source of which was lithium chloride.
In this set of experiments, using the same columns, the spectrum 
showed benzyl iodide as the product of the reaction and no other significant 
peak which would identify the formation of benzyl bromide or benzyl chloride, 
Results are given in Table 2:
TABLE 2
Found concentration of benzyl iodide on addition of 
iodine to an excess of benzyltri-n-butyltin
Conditions Found cone11 Calculated cone11
M M
Pure iodination 1.6 x lCf3 1.4 x 10”3
Iodination, Br~ 1.5 x 10 3 1.4 x 10 3
Iodination, C&” 1.5 x 10"3 1.4 x 10" 3
2c. Blank experiments in iodination
(i) A solution of 7 x 10” * M benzyl iodide in methanol (50 ml) was 
made up and left in the dark for an hour. Then the extraction was carried 
out as described, with carbon tetrachloride (25 ml). (0.4 y&) of this 
solution was injected into the instrument, as well as the standard 
solution of benzyl iodide. The spectrum obtained was consistent with no 
loss of benzyl iodide frcm the original 7 x 10 h M solution.
(ii) Two sets of experiments were carried out as (i) above, one 
with 0.1 M tetra-n-butylammonium bromide and the second with 0.1 M lithium 
chloride. The analysis did not show the formation of benzyl bromide in 
the first set or of benzyl chloride in the second set. Therefore, there 
was no halide exchange during the reaction time (one hour) under the 
conditions used in this experiment.
2d. Product analysis on the iodination of benzyltrimethyltin in the
presence of iodide ion, in methanol, by g.l.c.
The reaction was set up using the concentrations given in the first 
part of the general procedure (p.198) .
In order to find out the percentage formation of methyl iodide more 
accurately, the reaction product was not extracted, and (0.2 yf) samples 
were taken from the reaction mixture in methanol and injected into a gas 
chromatogram using a Diglycerol column, sensitivity 2 x 10 2, at 120°C. 
Methyl iodide was eluted well before methanol. A standard solution of 
methyl iodide was prepared of the same order of concentration as the 
expected formation of methyl iodide in the iodination reaction. Injections 
(0.2 y&) of the standard solution before and after the injections of the 
reaction mixture were made. From the peak heights obtained, the
concentration of foimed methyl iodide was calculated to be 0.59 x 10”3 g moles 
in the reaction mixture (100 ml).
According to the conditions used, the total concentration of the 
expected product, benzyl iodide and methyl iodide is 2 x 10~3 g moles 
based on the amount of iodine added, and therefore the formation of 30% 
methyl iodide can be calculated. Since all of the iodine is consumed, it 
can be deduced that 70% benzyl iodide must have been formed.
SECTION 15
PRODUCT ANALYSES ON THE REACTION BETWEEN 
BENZYLTRIALKYLTINS AND BROMINE., IN METHANOL
1. General procedure for analysis by n.m.r.
A solution of bromine in methanol was added to a methanolic solution 
of benzyltrialkyltin and sodium bromide so that the final solution 
(100 ml) was 4 x 10”2 M in benzyltrialkyltin and 10 x 10”2 M in bromide
overnight and then mixed well with distilled water (150 ml) and extracted 
with carbon tetrachloride (25 ml). The extract was washed twice with 
distilled water and kept over anhydrous sodium sulphate overnight; it was 
then filtered and made up to 25 ml.
Another set of experiments was carried out in the presence of a 
large excess of chloride ion, 0.5 M, the source of which was lithium 
chloride. The conditions applied were the same as above, using the same 
concentrations of each reactant.
All the products were analysed by n.m.r. using T.M.S. as an internal 
standard.
la. Product analysis on the bromination of benzyltrialkyltins 
(alkyl = Bu11, Pr11, Et) in the presence of bromide ion, in 
methanol, by n.m.r.
The product analyses were carried out exactly as described in the 
general procedure, and the n.m.r. spectra (for an example see p.301) 
showed the formation of benzyl bromide and benzylmethyl ether as the 
products of the bromination reactions:
Using the integrals obtained from the n.m.r. spectra the percentage
ion and 2 x 10 M in bromine. The reaction mixture was left in the dark
PhCH2SnR3 + Br2 --■—
MeOH
R = (Bu11, Pr11, Et)
PhCH20CH3
PhCH2Br + R3SnBr
formation of benzyl bromide and benzylmethyl ether in each experiment 
was calculated; the results are given in the following table:
TABLE 1
The percentage formation of products in bromination 
reactions of benzyltrialkyltins
PhCH2SnR3 VPhCH2Br % EhCH20CH3
R = Bu11 52 48
R = Prn 53 47
R = Et 55 45
lb. Product analysis on the bromination of benzyltrimethyltin 
in the presence of brcmide ion, in methanol, by n.m.r.
The product analysis was carried out exactly as the method given in 
the general procedure. The n.m.r. spectra taken showed the formation of 
methyl brcmide, benzyl brcmide, and benzylmethyl ether as the products 
of the bromination reaction:
PhCH2SnMe3 + Br2 Br
MeOH
^ PhCH2Br + Me3SnBr
PhCH2OCH3
MeBr + PhCH2SnMe2Br
From the integrals obtained, the formation of 151 methyl bromide,
451 benzyl bromide and 40Vbenzylmethyl ether was calculated.
Because methyl bromide is a very volatile substance, some of it could 
therefore have been lost during the extraction process; accordingly, the 
above percentage must represent the minimum amount of methyl bromide 
formed.
lc. Product analysis on the bromination of benzyltrimethyltin in
the presence of bromide ion, in deuterated methanol (d^-MeQH), 
by n.m.r.
The reactants were mixed in an n.m.r. tube, using an ampule of 
deuterated methanol (0.5 ml), and benzyltrimethyltin and an excess of 
sodium bromide. The tube was put in an ice bath in order to maintain a 
low temperature. A solution of bromine in deuterated methanol was added 
to the tube which was sealed immediately and then shaken well. The n.m.r. 
spectra was taken immediately after mixing, and then until the reaction 
was finished. During the reaction time, reaction proceeded by the 
formation of methyl brcmide, benzyl bromide and benzylmethyl ether (see 
p.302) . Other components of the products such as trimethyltin bromide 
and benzyldimethyltin bromide were identified:
PhCH2SnMe3 + Br2 Br
di,-MeOH
PhCH2Br + Me3SnBr 
PI1CH2OCH3
MeBr + PhCH2SnMe2Br
Using the integrals obtained frcm the n.m.r. spectrum, 57% benzyl 
bromide, 25% benzylmethyl ether and 18% methyl bromide was calculated.
Id. Product analysis on the bromination of benzyltrimethyltin in 
the presence of brcmide ion, in deuterated dimethylsulphoxide, 
by n.m.r.
The reactants were mixed in an n.m.r. tube using an excess of 
sodium bromide and deuterated dimethylsulphoxide was the solvent. The 
tube was shaken well, then the spectra were taken. During the reaction 
time, reaction proceeded by the formation of benzyl bromide and methyl 
bromide:
rBr PhCH2Br + MeaSnBr
PhG-I2SnMe3 + Br2
de-DMSO MeBr + PhCH2SnMe2Br
Fran the integrals obtained the formation of 82% benzyl bromide 
and 18% methyl bromide was calculated.
le. Product analysis on the bromination of benzyltri-n-butyltin in
the presence of bromide ion and chloride ion, in methanol, by n.m.r.
The reaction was carried out by the procedure already described 
using 0.5 M lithium chloride as the source of the chloride ion in the 
reaction mixture. The n.m.r. spectrum taken showed the formation of 
benzyl chloride as well as benzyl bromide as the products of the reaction:
' PhCHjCJ. + Bu^ SnC?.
From the integrals obtained, it was calculated that the percentage 
formation of benzyl brcmide, benzyl methyl ether and benzyl chloride 
was 31%, 46% and 23% respectively.
If. Product analysis on the bronination of benzyltri-n-butyltin in 
the presence of bromide ion and benzyl chloride, with triphenyl- 
methane as an internal standard, in methanol, by n.m.r.
Three sets of experiments were carried out at the same time. First, 
a solution of bromine in methanol was added to a methanolic solution of 
benzyltri-n-butyltin and sodium bromide, so that the final solution 
(50 ml) was 4 x 10 M in benzyltri-n-butyltin and 0.1 M in bromide ion 
and 3 x 10”"2 M in bromine. A second experiment was carried out in exactly 
the same way except that the reaction mixture was also 3 x 10 2 M in 
benzyl chloride which was added to the methanol solution before the
PhCH2SnBu? + Br2
Br ,C&
PhCH2Br + Bu^SnBr 
, PhCH20CH3
• •  £
reaction was started. The third experiment was simply 3 x 10 M 
methanol solution in benzyl chloride (50 ml) .
All the reaction mixtures were left overnight in the dark, then 
mixed well with distilled water (150 ml), shaken and extracted with 
carbon tetrachloride (25 ml) . The extracts were washed twice with 
distilled water and left to dry over sodium sulphate, then filtered and 
moat of the carbon tetrachloride was distilled off.
Then, to each one of these solutions, 6 x 10"2 M triphenylmethane 
as an internal standard was added and made up to (10 ml) .
The n.m.r. spectrum taken from the first experiment showed the 
formation of benzyl bromide and benzylmethyl ether as expected from the 
bromination reaction. In the second set, the products were the same as 
the first, and using the integrals obtained the ratio of benzyl chloride 
to the triphenylmethane was calculated to be exactly the same as in the 
third set of the experiment; therefore, all the benzyl chloride added 
to the reaction mixture at the beginning of the experiment was left 
quantitatively unchanged after the reaction was finished.
Product analysis on the bromination of benzyltri-n-butyltin in the
presence of halide ion, in methanol, by g.l.c.
2. General procedure for analysis by g.l.c.
For a more rigorous quantitative analysis the concentration of the 
reactants was reduced down to those used in the kinetic studies.
(i) Reaction conditions
— 2
A solution of 7.8 x 10 M bromine in methanol (0.6 ml) was added 
to a methanolic solution of benzyltri-n-butyltin and tetra-n-butyl- 
ammonium iodide so that the final solution (50 ml) was 2 x lCf2 M in 
benzyltri-n-butyltin, 1 x 10”3 M in bromide ion and 9.4 x lCf1* M in 
bromine.
The reaction mixture was left to stand in the dark for half an hour, 
so that it was decolorised, then it was mixed with distilled water and 
extracted with carbon tetrachloride (25 ml), and then washed twice with 
distilled water and left over anhydrous sodium sulphate overnight. It 
was then filtered and made up to 25 ml and used for gas chromatography 
investigations. The column used was (10% Carbowax 20M, On Celite 
(80-100) mesh), using the highest sensitivities, at 120°C, with nitrogen 
as the carrier gas. (Air = Hyd. = Nit. = 16 Lb/in2). This column was 
found to be the best in terms of the separation between benzyl bromide and 
benzylmethyl ether, but the peaks were not symmetrical and therefore the 
peak areas were cut and weighed and used for calculations. 0.3 
injections were carried out using sensitivities 1 and 2 for ether and 
bromide compounds respectively.
(ii) Bromine concentration
Because bromine itself is a highly volatile substance and reacts 
with methanol, so the actual concentration of bromine in the reaction 
mixture is not the same as the calculated one. Therefore, bromine solutions 
were freshly prepared just before use in the reactions, and a blank 
experiment was carried out with the prepared bromine solution just at the 
same time as the experiment commenced.
In the blank experiment a bromine solution (0.6 ml) was added to
methanol (50 ml) which contained 0.2 M bromide ion, to convert all the
Br2 into Br3 species which has a characteristic u.v. absorption at
187X = 300 nm and an extinction coefficient of 14266.
The optical density measurements were carried out in a SP 8000 u.v. 
spectrophotometer using 0.2 cm silica cells with methanol as the reference, 
and a ten times diluted blank experiment solution. From the optical 
densities obtained the concentration of bromine was calculated to be 
0.89 x 10 3 M in the methanolic reaction mixture.
(iii) Calibration curve
In order to find out the exact proportion of the formed benzyl bromide 
to benzylmethyl ether in the bromination reaction, as described in the 
general procedure, and in the bromination in the present of different 
concentrations of bromide ion, described later, a calibration curve was 
required. In order to obtain a suitable calibration curve which would 
cover the whole possible range of the formation of products, solutions 
with different proportions of benzyl bromide and benzylmethyl ether were 
prepared as follows (Table 2):
TABLE 2
The concentration of two components present 
in the calibration solutions
Solution
No.
Concentration of 
PhCH2Br
Concentration of 
PhCH20CH3
1 1.00 x 10"3 0
2 0.75 x K f 3 0.25 x 10" 3
3 0.50 x 10" 3 0.50 x 10-3
4 0.25 x 10‘ 3 0.75 x 10‘ 3
5 0 1.00 x 10‘ 3
Equal injections (0.3 y&) of each solution were carried out at
sensitivity 2 for benzylmethyl ether, which eluted first, and then
sensitivity 1 for benzyl bromide. By weighing the peak areas of each
Fcomponent for each one of the solutions and plotting Area ^  --g against 
EConcentration ^  +- (E and B indicate benzylmethyl ether and benzyl bromide 
respectively), a calibration curve was obtained (see p.219) .
2a. Product analyses on the bromination of benzyltri-n-butyltin in the 
presence of different concentrations of bromide ion, in methanol, 
by g.l.c.
The experiments were set up as described in the general procedure 
using 1 x 10 3, 1 x 10“2, 1 x 10"*1 and 0.25 M of bromide ion. The analyses 
were carried out following the same method as described above. Injections 
(0.3 y&) of each reaction product solution were carried out, and from the 
chromatograms obtained (see p.220), peak areas were cut and weighed. Then, 
using the calibration curve, the concentration and the percentage of 
formed benzyl bromide and benzyl methyl ether in each reaction were 
calculated (see Table 3):
TABLE 3
Found concentration of benzyl bromide and benzyl methyl ether 
on addition of bromine to an excess of benzyltri-n-butyltin
Cone11 of 
Br"
Found cone11 
of PhCH2Br
Found cone11 
of PI1CH2OCH3
Found total 
cone11
Calculated 
total cone11
1 x 10"3 0.89 x 10"3 0.69 x 10“3 1.58 x 10~3 1.79 x 10-3
1 x 10“2 0.87 x 10" 3 0.71 x 10-3 1.58 x 10“3 1.79 x 10" 3
1 x 10“1 1.04 x 10"3 0.75 x 10“3 1.79 x 10" 3 1.79 x 10" 3
0.25 1.05 x I0" 3 0.80 x IQ’ 3 1.85 x 10" 3 1.79 x 10"3
The results show that the only products are benzyl bromide and 
benzylmethyl ether in the bromination reaction, with a percentage 
formation of (58—56)% and (42-44)1 respectively. Furthermore, the found 
total concentration of products agrees well with that calculated from the 
quantity of bromine initially used.
2b. Product analysis on the bromination of benzyltri-n-butyltin in the
presence of bromide ion and chloride ion, in methanol, by g.l.c.
The experiments were set up as described in the general procedure, 
using (1 x 10 2, 1 x 10 1} 0.25, 0.5, 0.8) M of chloride ion, the source 
of which was lithium chloride. The analyses were carried out following 
the same method as described above. Injections (0.4 y&) of each reaction 
product solution were carried out, using a different column from that used 
earlier in the bromination analysis.
A newly prepared column was used for the purpose of the best separation 
between benzyl brcmide, benzyl chloride and benzylmethyl ether, having the 
combination of (5% Carbowax 600 and 151 Diglycerol on Chromosorb W 
(80-100) mesh). The highest sensitivities were used at 75°C with nitrogen 
as the carrier gas (Nit = 16 lb/in2, Air = hyd. = 20 lb/in2) .
From the chromatogram obtained for each experiment (for example, see 
p.221), the percentage of formed products can be calculated.
In order to find out the exact proportion of the formed benzyl 
bromide, benzyl chloride and benzylmethyl ether in the bromination reaction, 
in the presence of the different concentrations of chloride ion, two 
calibration curves were needed.
Solutions with different proportions of the three foimed products 
were made as given in Table 4:
TABLE.4
The concentration of three components present in 
the calibration solutions
Solution
No.
Concentration 
of PhCH2Br
Concentration 
of PhCH20CH3
Concentration 
of PhCH2a
1 0.5 x 10-3 0.5 x 10" 3 0
2 0.4 x 10“ 3 0.5 x 10" 3 0.1 x 10-3
3 0.4 x 10' 3 0.4 x 10-3 0.2 x 10-3
4 0.3 x 10-3 0.4 x 10" 3 0.3 x 10-3
5 0.3 x 10" 3 0.3 x 10" 3 0.4 x 10-3
Equal injections (0.4 ml) of each solution were carried out at 
sensitivities, 2 for benzylmethyl ether, 1 for both benzyl bromide and 
chloride.
By weighing the peak areas of each component for each one of the
E Esolutions, and plotting Area ippqj against Concentration and
B BArea ^  +— against Concentration £ + the calibration curves were
obtained (see pp.222,223).
The concentration and therefore the percentage of each component can 
be calculated,by using the known concentration and peak area of one of 
the calibration solutions, in the following equation:
. area. x Known Concentration = Unknown Concentration Known peak area
Using the calibration solution No. 2, the percentage formation of 
each component is given in Table 5:
TABLE 5
Percentage formation of the products in bromination reaction of 
benzyltri-n-butyltin, in the presence of chloride ion
Concentration
of o r % PhCH2Br V Phai20CH3 % PhCH2a
1 x 10"2 59 40 1
1 x 10"1 52 46 2
0.25 52 44 4
0.5 52 42 6
0.8 48 42 10
2c. Blank experiments in bromination
*"3(i) A solution of 1 x 10 M benzyl bromide as the product of the 
bromination reaction in methanol (50 ml) was left for half an hour in the 
dark, then the analysis was followed in the same way as described in the 
general procedure (0.4 y&) . Injection of this solution showed no loss in 
the originally added benzyl bromide concentration.
(ii) Another blank experiment was carried out in methanol using
— 3
0.8 M chloride ion, the source of which was lithium chloride, and 1 x 10 M 
benzyl bromide as the bromination product. The product analysis followed 
the same procedure as described in the general procedure, (0.4 yQ 
injection of this solution showed the formation of benzyl chloride during 
the reaction time (half an hour). Therefore, a set of other blank 
experiments in the presence of different concentrations of chloride ion as 
used in the reactions was carried out. Peak areas were weighted and the 
results are given in Table 6:
TABLE 6
Percentage formation of benzyl chloride in the blank 
experiments in the presence of chloride ion
Concentration 
of CJT
% PhCH2Br % PhCH2CL
1 x 10“2 80 20
1 x 10"1 76 24
0.25 72 28
0.5 71 29
0.8 69 31
From the values in the table it is obvious that the foimation of 
benzyl chloride increases as the chloride ion is increased.
Calibration curve for the bromination reactions of benzyltri-n-butyltin
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SECTION 16
PRODUCT ANALYSES ON THE REACTION BETWEEN 
BENZYLTRIALKYLTINS AND CHLORINE/ IN METHANOL
L L 3
1. General procedure for analysis by n.m.r.
A solution of chlorine in carbon tetrachloride was added to a 
methanolic solution of benzyltrialkyltin and lithium chloride, so that 
the final solution (50 ml) was 4 x 10 2 M in benzyltrialkyltin, 0.25 M 
in chloride ion and 3 x 10~2 M in chlorine.
The chlorine solution was prepared by passing the chlorine gas 
from a cylinder through carbon tetrachloride; the concentration of 
chlorine was determined by iodometric titration.
The reaction mixture was shaken well and left to stand for thirty 
minutes in the dark, then it was mixed well with distilled water and 
left over anhydrous sodium sulphate overnight. It was then filtered 
and the carbon tetrachloride was distilled off to the volume of 10 ml. 
The solutions were analysed by n.m.r.
la. Product analysis on the chlorination of benzyltrialkyltins
(Alkyl = Bu11, Pr11, Et) in the presence of chloride ion, in
methanol, by n.m.r.
Reactions were set up and followed in the same way as mentioned 
in the general procedure. The n.m.r. spectra (for an example see 
p.303) showed the formation of benzyl chloride and benzyl methyl ether 
as the products of the chlorination reaction:
PhCH2SnR3 + C«,2 —
PhCH2CJl + R3SnCil
PhCH20CH3
(R = Bu11, Pr11, Et)
Using the integrals obtained from the n.m.r. spectra taken from 
each reaction, the percentage formation of benzyl chloride and benzyl 
methyl ether was calculated; the results are given in Table 1.
TABLE 1
The percentage formation of the products in 
chlorination reactions of benzyltrialkyltins
PhCH2SnR3 % PhCH2C£ % PhCH20CH3
& ii % 25 75
■s
# II ►d 23 77
R = Et 27 73
lb. Product analysis on the chlorination of benzyltrimethyltin 
in the presence of chloride ion, in methanol, by n.m.r.
The product analysis was carried out exactly in the same way as 
described in the general procedure. The n.m.r. spectrum taken showed 
the formation of benzyl chloride and benzylmethyl ether as the products 
(see p.304).
From the integrals obtained in the spectrum, it was concluded that 
methyl chloride was formed as one of the chlorination products during 
the reaction, but because it is a gas it was therefore lost during the 
extraction process and did not show any peak in the n.m.r. spectra.
PhCH2SnMe3 + « 2
' PhCH2CJ!. + MeaSnCJl
PhCH20CH3 
c MeC£ + PhCH2SnMe20l
Using the integral values obtained from the spectrum, the formation 
of 241 benzyl chloride, 661 benzyl ether and 101’methyl chloride was 
deduced.
lc. Product analysis on the chlorination of benzyltri-n-butyltin
in the presence of chloride ion and benzyl bromide, with
triphenyl methane as an internal standard in methanol by n.m.r.
Three sets Of experiments were carried out at the same time. First, 
a chlorination reaction exactly the same as described in the general 
procedure. A second experiment was carried out similarly, except that 
the reaction mixture was also 3 x 10"2 M in benzyl bromide, which was 
added to the reaction mixture before the reaction was started. A third 
experiment was simply 3 x 10 M methanolic solution of benzyl bromide 
(50 ml).
All the reaction mixtures were left to stand in the dark for 
thirty minutes, then the extraction process was carried out exactly as 
in the general procedure.
The carbon tetrachloride was distilled off to leave a small volume, 
and triphenyl methane as an internal standard was added to each of 
the solutions which were made up to 10 ml, and were all 6 x 10 2 M in 
triphenylmethane.
The n.m.r. spectrum taken from the first set of experiments showed 
the formation of benzyl chloride and benzyl methyl ether, as expected 
for the chlorination reaction.
In the second set, the products were the same as for the first one 
and, using the integrals obtained, the ratio of benzyl bromide to the 
triphenyl methane was calculated to be exactly the same as that in the
third set of experiments. Therefore, all the benzyl bromide added into 
the reaction mixture in the beginning was left quantitatively unchanged 
after the reaction was finished.
2. General -procedure for analysis by g.l.c.
(!) Reaction conditions
For a more rigorous quantitative analysis the concentration of the 
chloride ion in the chlorination reactions was varied over a range of 
(0, 1 x 10~2, 1 x 10 1, 0.25, 0.5, 0.8) M; the source was lithium 
chloride. One reaction was carried out in the presence of 0.25 M 
hydrochloric acid. The other conditions of the reaction were the same 
as described in the general procedure. The reaction mixtures were 
extracted in the same way, except that in the final solution carbon 
tetrachloride was not distilled off but the solutions were made up to a 
volume of (25 ml) and used for gas chromatography injections.
The column used in this part of the work was (5% Carbowax 600 and 
151 Diglycerol On Chromosorb W (80-100) mesh), using the sensitivity 50, 
at 75°C, nitrogen as the carrier gas.(Nit = 16 lb/in2, Air = Hyd =
20 lb/in2).
(ii) Calibration curve
In order to find out the exact proportion of the formed benzyl 
chloride to benzylmethyl ether in the chlorination reactions in the 
presence of different concentrations of chloride ion, a calibration 
curve was needed.
Solutions with different proportions of benzyl chloride and benzyl- 
methyl ether were prepared as follows:
TABLE 2
The composition of the calibration solutions
No. of the 
solutions
Concentration 
of PhCH2a
Concentration 
of PhCH20CH3
1 0 6.0 x 10“2
2 1.5 x 10"2 4.5 x 10"2
„ -2 -2
3 3.0 x 10 3.0 x 10
Equal injections (0.2 yls) of each solution were carried out,
peak areas of each component were cut out and weighed, and by plotting
C CArea against Concentration (C and E indicate benzyl chloride
and benzylmethyl ether respectively), the calibration curve was
obtained (see p.231) .
2a. Product analysis on the chlorination of benzyltri-n-butyltin 
in the presence of different concentrations of chloride ion, 
in. methanol, by g.l.c. —  ”
The experiments were set up as described in the general procedure 
using (0, 1 x lCf2, 1 x lCf1, 0.25, 0.5, 0.8) M of chloride ion, and 
the product analyses were followed in the same way; (0.2 yl) of each 
reaction product solution was injected (for example see p.232). Using 
the calibration curve, the percentage of the formed benzyl chloride 
and benzylmethyl ether in each reaction was calculated. Results are 
given in Table 3.
TABLE 3
Percentage formation of the products in chlorination 
reaction in the presence of chloride ion
Concentration 
of or % PhCH2CI % PhQI20CH3
0 21 79
1 x 10"2 22 78
1 x 10”1 23 77
0.25 25 75
0.25* 25 75
0.50 28 72
0.80 32 68
*
0.25 M HC£ as the source of chloride ion
Calibration curve for the chlorination reactions of benzyl tri-n-butyltin
Area
0.4 ~
0.3 -
0.1 -
Concentration
0.25 0.50
LSL
FIGURE 1 G.l.c. spectrum of the products of the chlorination of 
benzyltri-n-butyltin, C£~ = l x  lCf2 M, in methanol; 
extracted in CCJ^
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SECTION 17
PREPARATION OF INTERHALOGENS AND PRODUCT 
ANALYSES ON THE REACTION OF 
INTERHALOGENS WITH BENZYLTRI-N-BUTYLTIN
1. Preparation of interhalogens
Interhalogen compounds such as iodine monochloride, iodine 
monobromide and bromine monochloride were prepared by addition of the 
corresponding halogens to each other in carbon tetrachloride.
Solutions of halogens were prepared by addition of halogens to 
carbon tetrachloride (chlorine was obtained from a cylinder and was 
passed through the solvent). Their concentrations were then determined 
by iodometric titration, and then the desired equimolar concentrations 
of the corresponding halogens as solutions were added to each other and 
the mixture was shaken vigorously. They all formed reddish-dark brown 
coloured solutions, and because they are highly corrosive they were 
kept in glass containers with glass stoppers in the dark in a fume 
cupboard.
The concentrations of the freshly prepared interhalogen compounds 
in carbon tetrachloride were determined by iodometric titration:
lml M-Na2S203 e 0.0812 g ICJl
lml M-Na2S203 e 0.1034 g IBr
1 ml M-Na2S203 E 0.0058 g BrCiL
In order to have evidence of the formation and existence of bromine 
monochloride in carbon tetrachloride solution, spectrophotometric 
analyses were carried out using an SP 8000 spectrophotometer with 1 cm 
silica cells (see Fig. 1, p.241).
The wavelengths at which measurements were made were so chosen 
that the halogen absorption would not mask the. absorption due to 
bromine monochloride. As seen from Fig.l, the maximum absorption due 
to 1.6 x 10”2 M bromine is at X = 414 nm, the maximum absorption due to
2.8 x 10”2 M chlorine is at X = 331 nm, and the maximum absorption due 
to 1.5 x 10"2 M bromine monochloride is at X = 384 nm^^The addition 
of a slight excess of each halogen to the bromine monochloride solution 
shifted the position of the maximum absorption towards the maximum 
absorption of the halogen used.
The infrared absorption spectrum of bromine monochloride solution
in carbon tetrachloride showed the characteristic absorption band at
189
v = 439 cm” which indicates Br-C£ bond stretching. However, to avoid 
any possible sources of error, fresh solutions of halogens and 
interhalogens were prepared and used for the experiments.
2. Product analyses on the reactions between interhalogens and 
benzyltri-n-butyltin in solvents methanol and carbon 
tetrachloride
2a. General procedure
(i) In solvent methanol
A solution of benzyltri-n-butyltin in methanol (100 ml) containing
— 3
4 x 10 g mol of the tin compound was prepared. A solution of the 
interhalogen compound in carbon tetrachloride was prepared and 
standardised volumetrically, and a small aliquot (about 0.5 ml) 
containing 2 x 10”3 g mol of interhalogen was added to the solution of 
the tin compound. The reaction mixture was then mixed properly and left 
in the dark until decolorised; it was then shaken with distilled water 
and extracted with carbon tetrachloride (10 ml). The extract was washed 
twice with distilled water and left over sodium sulphate (anhydrous) to 
dry. It was filtered and made up to 10 ml.
Another set of experiments was carried out exactly in the same way
as described, except that the interhalogen used contained a slight 
excess of the heavier halogen atom present in each interhalogen compound, 
in order to push the reaction towards the complete formation of 
interhalogen.
A blank experiment was also carried out in the absence of the tin 
compound, using the same quantity of interhalogen in methanol (100 ml). 
The method employed for analysis was the same as described previously.
(ii) In solvent carbon tetrachloride
A quantity of benzyltri-n-butyltin (0.4 ml) was placed in an 
n.m.r. tube which contained carbon tetrachloride (0.2 ml) . Then a 
known quantity of interhalogen, based on the concentration of inter­
halogen in carbon tetrachloride solution, found by iodometric titration, 
was added in order to consume half of the tin compound present in the 
reaction mixture.
Another set of experiments was carried out exactly in the same 
way, except that the interhalogen used in this set contained a slight 
excess of the heavier halogen.
2b. Product analyses on the reaction between benzyltri-n-butyltin 
and iodine monochloride in solvents methanol and carbon 
tetrachloride
(i) In solvent methanol
The experiment was set up as described in the general procedure.
The reaction mixture was left in the dark and decolorisation took place! 
after five minutes. The product was extracted by the methods described 
in the general procedure.
Two other sets of experiments were carried out in exactly the same 
way, firstly with a slight excess of iodine in iodine monochloride, 
secondly as a blank experiment using only the iodine monochloride and 
no tin compound.
The three sets of experiments were carried out at the same time, 
using the same iodine monochloride solution.
Samples were taken for n.m.r. investigations, and the reactions 
with the tin compound showed the presence of benzyl iodide as the only 
product foimed (see p.307).
PhCH2SnBu? + ICS. PhCH2I + Bu^ SnCS,
The extract from the blank experiment showed no proton absorption 
at all.
(ii) In solvent carbon tetrachloride
The experiment was carried out in the same way as described in the 
general procedure.
Another experiment was carried out similarly, the difference being 
the slight excess of iodine present in iodine monochloride solution used 
for the reaction. The n.m.r. studies in each case showed the formation 
of benzyl chloride as well as benzyl iodide:
’ rro ( PhCH2I + Bu?SnC$,
PhQI2SnBuV + ICS, J
I PhCH2«  + Bu"SnI
Using the integrals the ratio of formed benzyl iodide to benzyl 
chloride was found to be (2:1) in each of the experiments (see p.308).
2c. Product analysis on the reaction between benzyltri-n-butyltin 
and iodine monobromide in solvents methanol and carbon 
tetrachloride
(i) In solvent methanol
The experiment was set up as described in the general procedure. 
The reaction mixture was left in the dark and decolorisation took place 
after three minutes; the mixture was extracted by the method described 
in the general procedure. Two other sets of experiments were carried 
out in the same way, firstly with a slight excess of iodine in iodine 
monobromide, secondly as a blank experiment using only the iodine 
monobromide and no tin compound.
The three sets of mentioned experiments were carried out at the 
same time using the same freshly prepared iodine monobromide solution. 
Samples were taken for n.m.r. investigations, and the reactions with 
the tin compound showed the presence of benzyl iodide as the only 
product formed (see p.305):
PhC3I2SnBu? + IBr FhCH2I + Bu"SnBr
The extract frcm the blank experiment showed no proton absorption 
at all.
(ii) In solvent carbon tetrachloride
Two sets of experiments were carried out exactly in the same way 
as described in the second part of the general procedure, firstly with 
iodine monobromide, secondly with a slight excess of iodine in iodine 
monobromide.
The n.m.r. studies showed the formation of benzyl bromide as well 
as benzyl iodide (see p.306):
r
PhCH2I + Bu?SnBr 
PhCHzBr + Bu?SnI
PhCH2SnBu? + IBr
From the integrals obtained in the n.m.r. spectrum the ratio of formed 
benzyl iodide to benzyl bromide was found to be (1:1) in each of the 
experiments.
2d. Product analysis on the reaction between benzyltri-n-butyltin 
and bromine monochloride in solvents methanol and carbon 
tetrachloride ~~
(i) In solvent methanol
The experiment was set up as described in the general procedure.
The reaction mixture was left in the dark and decolor is ation took place 
in less than one minute; the mixture was then extracted by the method 
described in the general procedure. Two other sets of experiments were 
carried out exactly in the same way, firstly with a slight excess of 
bromine in bromine monochloride, secondly as a blank experiment losing 
only the bromine monochloride and no tin compound.
The three mentioned sets of experiments were carried out at the 
same time, using the same freshly prepared bromine monochloride 
solution. Samples were analysed by n.m.r., and the spectra taken of 
the reactions with the tin compound showed the presence of benzyl bromide 
and benzylmethyl ether as the only products formed (see p.309):
Using the integrals, the formation of 661 benzyl bromide and 341 
benzylmethyl ether was calculated. The extract from the blank experiment 
showed no proton absorption at all.
PhCH2Br + Bu?SnC£ 
PI1CH2OCH3
(ii) In solvent carbon tetrachloride
Two sets of experiments were carried out exactly as described in 
the second part of the general procedure, firstly with bromine 
monochloride, secondly with a slight excess of bromine in bromine 
monochloride.
The n.m.r. studies showed the ratio of formed benzyl bromide to 
benzyl chloride to be (6:1) in each of the experiments (see p.310)
rro PhCH2Br + BU?SnC&
PhCHzSnBu? + BrCX k
PhCH2C{. + BujSnB'r
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FIGURE 1 The U.V. absorption spectra of C B r - C &  and Br2 in CC&i*
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SECTION 18
PRODUCT ANALYSES ON MISCELLANEOUS REACTIONS 
OF BENZYLTRI-N-BUTYLTIN
1. Product analysis on the reaction between benzyltri-n-butyltin
and ethylhypochlorite in methanol by n.m.r.
Two sets of experiments were carried out using a methanolic 
solution (50 ml), 5 x 10”2 M in benzyltri-n-butyltin and 5 x 10”2 M in 
freshly prepared ethylhypochlorite, one in the absence and the other 
in the presence of 0.5 M chloride ion, using lithium chloride. Ethyl­
hypochlorite was prepared just before the reaction, as given in 
Section 12, and determined volumetrically.
The reaction mixtures were left only five minutes in the dark, and 
then mixed well with distilled water (150 ml) and extracted with carbon 
tetrachloride (25 ml) which was distilled off to the volume of 10 ml, 
under a stream of nitrogen.
The n.m.r. spectrum taken from each solution was very clear, 
showing the formation of benzyl chloride and benzylmethyl ether as the 
products of the reaction:
Ph(H2SnBu? + EtOCd
PhCH2M  + Bu^ SnCS.
3
j P I 1 C H 2 O C H 3
Using the integrals obtained, the percentage of the proportion of 
the products was calculated in each experiment to be almost the same:
29% benzyl chloride and 11% benzylmethyl ether (for an example see 
p.311) . In the first set only 20V of the originally added benzyltri-n- 
butyltin was consumed during the reaction time to form the products, 
whereas in the case of the reaction in the presence of chloride ion 
almost 50Vof the benzyltri-n-butyltin was consumed.
la. Check product analysis on the reaction between benzyltri-n-butyltin
and ethylhypochlorite, in the presence of 0.5 M chloride ion, in 
methanol, by n.m.r. ”’—
Two sets of experiments were set up using exactly the same 
concentrations and conditions as given in the previous experiment.
Reaction No. 1 was quenched after two minutes and reaction No. 2 
after 45 minutes. The n.m.r. spectra taken showed the formation of 
benzyl chloride and benzylmethyl ether as the products in each 
experiment, but the products formed in the No. 1 reaction were in much 
lower concentrations compared to those in the No. 2 reaction, which was 
left to react for a longer period. In the reaction No. 1,'70% of the 
benzyltri-n-butyltin was left unreacted and in reaction No. 2 only 30% 
of the benzyltri-n-butyltin was left unconsumed. The results show that 
the reaction with ethylhypochlorite proceeds very slowly compared with 
the chlorination reaction.
lb. Product analysis with ethylhypochlorite in carbon tetrachloride
Three sets of check experiments were set up in solvent carbon 
tetrachloride, at the same time, using the same conditions, so that 
they would be comparable. The reaction mixtures were left for 30 
minutes in the dark.
Ci) A reaction between benzyltri-n-butyltin and ethylhypochlorite was 
set up in carbon tetrachloride, using the concentrations given on p. 243. 
The reaction mixture (50 ml) was distilled off to the volume of 10 ml, 
under a stream of nitrogen, and the n.m.r. spectrum taken was consistent 
with no reaction between benzyltri-n-butyltin and ethylhypochlorite in 
carbon tetrachloride.
(ii) Two blank experiments, first, 5 x 10*"2 M benzyltri-n-butyltin in 
carbon tetrachloride (50 ml), second, 5 x 10"2 M' ethylhypochlorite in 
carbon tetrachloride (50 ml), were set up and carried out in the same 
way as described in (i). The n.m.r. spectra taken were very clear 
and there was no reaction between ethylhypochlorite and carbon 
tetrachloride.
2. Product analysis on the bromination of benzyltri-n-butyltin in 
the presence of bromide ion, with galvinoxyl, hydroquinone, in 
methanol, by n.m.r. ~
Three sets of reactions were carried out at the same time: bromination, 
bromination in the presence of galvinoxyl, and bromination in the presence 
of hydroquinone, using the following conditions.
A solution of 0.16 M bromine in methanol (8 y£) was added to a 
methanolic solution of benzyltri-n-butyltin and sodium bromide, so that
— 3
the final solution (50 ml) was 4 x 10 M in benzyltri-n-butyltin,
1 x 10"2 M in brcmide ion, and 2.6 x 10~5 M in bromine" The concentration 
of galvinoxyl or hydroquinone present in the reaction was 10% of the 
concentration of the bromine in the reaction mixture.
The reaction mixtures were left to stand for half an hour in the 
dark, then mixed well with distilled water (150 ml) and extracted with 
carbon tetrachloride (25 ml). The extracts were washed twice with 
distilled water and left over anhydrous sodium sulphate overnight, then 
filtered and the carbon tetrachloride was distilled off under a stream 
of nitrogen to a volume of 10 ml.
The n.m.r. spectra were taken using the same conditions so that they 
would be comparable. From the spectra obtained, all of the three 
reactions proceeded by the formation of benzyl bromide and benzylmethyl
ether by consuming equal concentrations of benzyltri-n-butyltin in 
each experiment. Using the integrals obtained, the percentage proportion 
of benzyl bromide and benzylmethyl ether can be calculated. Results are 
given in Table 1.
TABLE 1
Percentage formation of the products in the 
bromination reactions in the presence 
of galvinoxyl and hydroquinone
Conditions % PhCH2Br % PhCH20CH3
Pure bromination 56 44
Bronination with 57 43
galvinoxyl
Bronination with 56 44
hydroquinone
Fran the results obtained it is clear that the presence of 
galvinoxyl or hydroquinone as inhibitors has no effect on the reaction 
process, since both reactions proceeded in the same way as the pure 
brcmination.
3. Product analysis on the reaction between benzyltri-n-butyltin
and halogen in the presence of halide ion, in different solvents, 
by n.m.r. ~~
3a. General procedure
The reactions were carried out with equimolar concentrations of 
each reactant, or even with a slight excess of halogen. A solution of 
halogen (X2 = Br2, C&2) in carbon tetrachloride (0.5 to 0.8 ml) was 
added to a solution of benzyltri-n-butyltin and sodium bromide or lithium
chloride in the given solvent (50 ml), so that the final solution was 
5 x 10“2 M in benzyltri-n-butyltin, 0.25 M in bromide or chloride ion, 
and 5.2 x 10" 2 M in the halogen used.
The reaction mixtures were left to stand in the dark for half an 
hour, extracted with carbon tetrachloride (25 ml), washed twice with 
distilled water and left over anhydrous sodium sulphate overnight.
The extract was filtered and a stream of ammonia was passed through the 
solution in order to precipitate out the Bu?SnC£ left in the solution 
after extraction. The solution was filtered and carbon tetrachloride 
was distilled off to the volume of 10 ml.
The n.m.r. spectra were taken from each solution and the products 
were very well identified to be benzyl chloride and the appropriate 
benzyl ether of the solvent used:
Y- fPhCH2X + Bu^SnX 
PhCH2SnBu3 + X2 \
. (_PhCH20R
(X = Br, Cl)
(R = Me, Et,Prn,Bun, Bu1)
3b. Product analysis on the reaction between benzyltri-n-butyltin 
and halogen in the presence of halide ion, in a 50/50 mixture 
of alcohols : " rr
The reactions were set up as described in the general procedure, 
and were followed by the same method. The solvents used were the 
50/50 (mole fraction) mixtures of methanol and alcohols ethanol, 
n-propanol, n-butanol and isobutanol. The n.m.r. spectra taken from 
each reaction product showed the formation of benzyl halide (bromide, 
chloride) and a mixture of benzyl ethers corresponding to the solvents 
used in the solvent mixture.
In the bromination reactions, because the methylene peaks of the 
ethers and the benzyl bromide were so close to each other, it was 
therefore difficult to calculate the exact percentage proportion of 
the products formed by using the integrals obtained from the n.m.r. 
spectra. However, a rough estimation showed almost 601 formation of 
benzylmethyl ether and 40% of the other benzyl ether, corresponding to 
the alcohol used.
In the chlorination reactions, the methylene peaks of the ethers 
and the benzyl chloride are well apart from each other, therefore the 
percentage proportion of the products could be calculated. The results 
are given in Table 2.
TABLE 2
Percentage formation of benzyl chloride and 
benzyl ethers in the chlorination of 
benzyltri-n-butyltin in different solvents
MeOH/ROH 
50 50
% PhCH2a % PI1CH2OCH3 ' % PhCH20R
MeOH - 25 75 0
- EtCH 23 0 77
MeOH/EtOH 25 39 36
MeOH/Prbi 24 38 38
MeOH/BuI1OH 43 30 27
MeQH/Bu1® 45 29 26
Frcm the results obtained the formation of almost 50% benzylmethyl 
ether and 50% of the other benzyl ether corresponding to the alcohol 
used were deduced (for an example, see p.312).
SECTION 19
TETRACYANOETHYLENE STUDIES
1. N.m.r. studies on the reaction between benzyltri-n-butyltin 
and tetracyanoethylene, in methanol
A solution of tetracyanoethylene (TCNE) in methanol was added to a 
methanolic solution of benzyltri-n-butyltin, so that the final solution 
(25 ml) was 6.8 x 10” 2 M in benzyl tri-n-butyltin and 1.6 x 10”2 M in 
tetracyanoethylene. The reaction mixture was left to stand in the dark 
for one hour, then mixed well with distilled water and extracted with 
carbon tetrachloride (25 ml). The extract was washed twice with 
distilled water and was left over anhydrous sodium sulphate overnight.
The n.m.r. spectrum taken showed only the presence of benzyl tri-n- 
butyltin and no protone absorption at all.
In order to make sure that there was no product in the solution, 
the carbon tetrachloride was distilled off down to the volume of (10 ml), 
then the n.m.r. spectrum was taken, which again did not show the presence 
of any product, especially the benzyl ether. From the conditions used 
in the experiment, if all the TCNE had reacted to form an intermediate 
complex, then it should have been converted to benzylmethyl ether, the 
concentration of which would have been almost 301 of the concentration 
of the benzyltrii-n-butyltin left unreacted in the reaction mixture, 
which would produce strong enough proton signals in the spectrum to be 
seen. Considering that one of the tin satellites in the spectrum is 
only 3% of the unreacted methylene signal attached to tin, therefore 
it can be concluded that no benzylmethyl ether was formed in the 
reaction.
2. N.m.r. studies on the reaction between benzyltri-n-butyltin 
and tetracyanoethylene in deuterated chloroform.
TCNE was added to a solution of benzyltri-n-butyltin in CDC£3, so
that the final solution (2 ml) was 0.2 M in benzyltri-n-butyltin and 
0.2 M in TCNE. The reaction mixture was shaken well immediately, and 
a sample was taken for n.m.r. studies.
As soon as the reactants were mixed, a dark blue colour was 
produced, followed by the quick decolorisation to a yellow colour; at 
this stage the first n.m.r. spectrum was taken, which showed that the 
methylene peak was removed completely and rapidly.
A product appeared at 6 = 3.1 ppm (all 6 values downfield from 
T.M.S.) where the reaction mixture was brownish yellow coloured, and it 
decomposed gradually to the formation of another product which had a 
dark blue colour and an absorption peak at 6 = 4.0 ppm. The latter was 
decomposed very slowly and another peak was produced at 6 = 3.6 ppm 
where, at this stage, the reaction mixture had a very dark greenish 
blue colour. The reaction was followed by n.m.r. and spectra were 
taken continuously one after another in the beginning of the reaction, 
but at longer intervals when the changes were occurring slowly. After 
24 hours there were almost no peaks in the region of methylene protons 
in the spectrum, except the phenyl and butyl protons at their 
characteristic 6 values.
3. The absorption spectra of various organotin compounds in the 
presence of tetracyanoethylene, in dichloromethane, at room 
temperature
A number of organotins with TCNE solutions in methylene chloride 
as the solvent were studied spectrophotometrically using an SP 800 
spectrophotometer. The charge transfer bands were observed in the 
absorption spectra of the solutions. The use of relatively high 
concentrations (0.1-0.5) M of organotins compared to TCNE 0.08 M was
necessary because it appeared that the equilibrium constant K in the 
following equation is generally small:
R - Sn + TCNE = ^ J = =  [RSn.TCNE]
The absorption maxima for the charge transfer bands of the systems 
used are given in the following table:
TABLE 1
Charge transfer spectral data for organotins and 
tetracyanoethylene at room temperature
Organotin A fnm) maxv ■ ■ vfoiT1)
EUSn 420 23,809
Ccyclo-C6Hn)*tSn 418 23,923
Pr?Sn 416 24,038
PhSnEt3 414 24,154
PlmSn 410 24,390
All the TCNE complexes of the above tin compounds are pale yellow as 
they start to form. The yellow gradually becomes darker and changes 
to red after a long period of time.
4. The absorption spectra of various organotin compounds in the 
presence of tetracyanoethylene, in dichloromethane, at low 
temperature
A number of organotin compounds with TCNE'solutions in methylen 
chloride were studied spectrophotometrically using a SP 800 
spectrophotometer at low temperature.
The low temperature was maintained by a dry ice and ethanol bath 
where the reactants were thermos tatted, and then mixed and transferred 
into a cell which was held by a specially designed cell holder as a cold 
bath. The cell holder was made specifically for the purpose of this 
work, and surrounded the cell as a small bath containing dry ice and 
ethanol to keep the cell and the mixture in the cell at low temperature. 
This prevented the thermal decomposition of the complexes for various 
lengths of time in which the UV absorption spectra could be taken.
A current of nitrogen was passed through the cell house during 
the experiment to avoid vapour condensation on the surface of the cell 
at low temperature. A solution of 0.1 M organotin in methylene chloride 
(10 ml) and a solution of 0.03 M TCNE in methylene chloride (25 ml) 
were prepared and left in the cold bath to equilibrate, then 2 ml of 
the organotin compound solution was mixed with 5 ml TCNE solution in 
the cold bath. An intense blue colour ranging over dark to light blue 
was generally formed. In the reaction mixture (7 ml), 2 x 10 * g mols 
of the tin compound and 1.5 x 10”  ^g mols of TCNE were present.
When the charge transfer complex had decomposed, which was 
accompanied by the decolonisation of the mixture to colourless, the 
cell was warmed to room temperature.
The UV absorption spectrum was taken at room temperature, after 
considerable dilution. The absorption maxima for the charge transfer 
bands of benzyltrialkyltins with TCNE are given in Tables 2 and 3.
TABLE 2
Charge transfer spectral data for benzyltrialkyltins and 
tetracyanoethylene at low temperature
PhCH2SnR3
(1) (2)
v(cnf
cu (2)
R = Bu11 413 596 24,213 16,778
R = Pr11 413 594 24,213 16,838
R = Et 414 588 24,154 17,006
R = Me 416 572 24,038 17,482
TABLE 3
Spectral data for benzyltrialkyltins and 
tetracyanoethylene at room temperature
PhCH2SnR3 Amov(m) maxv J vfcm”1)
R = Bu11 347 28,818
R = Pr11 343 29,154
R = Et 344 29,069
R = Me 362 27,624
At low temperature, the order of rapidity of decomposition of 
the complex of benzyl trialkyltins and tetracyanoethylene was
R = Bu11 > Prn > Et > Me
where the colour of the complex at low temperature became a lighter 
blue, passing from R = Bu11 to R = Me.
All the mixtures at room temperature produced a yellow colour 
which became gradually darker and eventually, overnight, turned to 
orange-red/red.
Charge transfer complexes derived from various substituted benzyl- 
tri-n-butyltins and tetracyanoethylene were studied spectrophoto- 
metrically using the same conditions as for unsubstituted benzyl- 
tri-n-butyltin; the results obtained are given in Tables 4 and 5.
TABLE 4
Charge transfer spectral data for substituted benzyl- 
tri-n-butyltins and tetracyanoethylene at low temperature
S-C6H„CH2SnBu? Vax
CD
(nm)
(2)
vCcnT1)
CD (2)
S = p-Me 416 628 24,038 15,923
S = m-Me 450 606 22,222 16,501
S = H 413 596 24,213 . 16,778
s = p -a 414 594 24,154 16,835
S = m-Q, 412 560 24,271 17,857
S = 3,4-dichloro* 412 574 24,271 17,421
S = P-F* 412 560 24,271 17,857
★
The X values may not be exact, as the peaks were flattened
At low temperature the order or rapidity of decomposition of the 
complex of substituted benzyl tri-n-butyltins and TCNE was
p-Me > m-Me > - > p-C£ > 3,4-dichloro > m-Cft ■ = p-F
where the colour of the complex started as greenish-blue in p-Me and 
became darker blue in the case of unsubstituted benzyltri-n-butyltin
and then lighter blue in the p-F and m-CJt substituted ones.
TABLE 5
Spectral data for substituted benzyltri-n-butyltins 
and tetracyanoethylene at room temperature
S-C6H„CH2SnBu? i t—
\ v(cm_1)
S = p-Me 340 29,411
S = m-Me 347 28,818
S = H 347 28,818
S = p-C& 354 28,248
S = m-C& 364 27,472
S = 3,4-dichloro 368 27,173
S = p-F 378 26,455
All the mixtures at room temperature generally produced yellow 
coloured complexes which became darker and eventually red coloured.
SECTION 20
KINETIC STUDIES ON THE MERCURATION OF 
BENZYLTRIALKYLTI'NS, IN METHANOL
1. General procedure
Stock solutions of the two reactants were made up at 25°C using a 
thermostatted bath with a tolerance of ±0.01°C. When mercury(II) 
acetate was used, the corresponding carboxylic acid (acetic acid) was 
added to the stock solutions of the mercury(II) acetate to suppress 
solvolysis.
To perform a kinetic run, the reactant solutions were thermostatted 
at the required temperature (25°C) for approximately one hour and then 
portions of each reactant solution were pipetted one after another into 
the reaction vessel (a stoppered flask which had also been thermostatted 
at the temperature of the kinetic run). When half of the second 
reactant had been discharged from the pipette, a stop watch was started, 
indicating zero time for the reaction. The reaction mixture was then 
thoroughly mixed, and at different intervals aliquot portions were 
removed using a calibrated pipette. Each aliquot portion was run into 
a graduated flask which contained a quench solution of potassium iodide 
in methanol-water solvent (see p. 138) . This procedure results in the 
quantitative conversion of mercury(II) salt to the tri-iodomercurate(II) 
ion, which can then be determined spectrophotometrically. The spectro- 
photometric measurements were made with an SP 3000 ultra-violet spectro­
photometer, thermostatted at 25°C. For all the reactions involved 
the wavelength used was 315 nm, and usually 12 points were taken in 
each run. A cell correction, both cells containing the appropriate tin 
compound in the same order of magnitude as the reaction mixture in 
quench solution, was made in any given kinetic run. From the following 
relationship, the concentration of mercury(II) salt at time t was obtained
C is the concentration of mercury (I I) salt in the kinetic run, D is 
the observed absorbance of the quenched sample, F is the dilution 
factor, and m and n are the calibration values determined previously^ 
at 315 nm in methanol, as follows:
m = 10124.0 
n = 0.036
From the calculated values of mercury (I I) concentrations at 
different intervals, the second order rate constant was calculated using 
the second-order rate equation:
dx/dt = k2Ca0 - x)(bQ - x) (2)
kot = a - b o o
£n V ao - ^
ao<-bo ■
(3)
where aQ is the initial concentration of tin compound, bQ is the initial
concentration of mercury(II) salt, and x is the concentration of products
at time t. For all of the reactions, calculation of k2t values was
181carried out on a computer using program CK^K. For each run, values 
of k2t were then plotted against values ot t, and k2 values were
181determined from the slope, using a least square procedure, program CK^l.
Several runs were carried out until the variation in the values of
k was sufficiently low. The standard deviation values in this part of
the work are the estimated standard deviations which are calculated by
using the range multiplier value for the number of determinations made
multiplied by the difference between the highest value and the lowest
190value of k2 obtained for each reaction.
The results of a typical run are given in the following pages.
TABLE X
PhCH2SnPr? + HgCfc2 in MeOH at 25°C'
Calibration values: 315 nm 10124.0 0.036
Initial concentration at 25°C
a = 0.0150000, = 0.0100000o 9 o
Wavelength: 315 nm
Time
(min)
(% - x) 
(mol £ *)
(b0 -x) 
(mol £ *)
k2t 
(£ mol x)
k2
(£ mol'”1min-1^
0.00 0.0150000 0.0100000
15.00 0.0144330 0.0094330 4.0 0.2645
30.00 0.0137120 . 0.0087120 9.6 0.3207
45.00 0.0130403 0.0080403 15.6 0.3472
60.00 0.0124279 0.0074279 21.8 0.3641
75.00 0.0119834 0.0069834 26.9 0.3587
90.00 0.0115093 0.0065093 32.9 0.3655
105.00 0.0111339 0.0061339 38.1 0.3632
120.00 0.0106796 0.0056796 45.2 0.3767
135.00 0.0103437 0.0053437 51.0 0.3778
150.00 0.0099980 0.0049980 57.6 0.3838
165.00 0.0097511 0.0047511 62.7 0.3800
180.00 0.0095041 0.0045041 68.3 0.3792
The values of k2t were plotted against values of t (see next page). 
These values of k2t and t were fed into program C^l to give the 
following results:
Slope Intercept Standard deviation Correlation
(£ mol-hnin-1) of slope coefficient
0.393758 -2.2200 0.001388 0.99971
20-
10—
t/min
0 6030 90 150 180120
FIGURE 1 Plot of k2t against t; data from Table 1
2. Kinetic studies on the reactions of benzyltrialkyltins
(Allcyl = Bu11, Pr11, Et, Me) by mercury(II) chloride in methanol
2a. Reaction between benzyltri-n-butyltin and mercury(II) 
chloride in solvent methanol ~
The procedure adopted was as described on p.258. Aliquot portions 
(0.25 ml) were taken every 15 minutes and were quenched by a 1:100 
composition quench solution in 25 ml volumetric flasks. Absorbance 
measurements were made at 315 nm using 1 cm silica cells . Results are 
given in Table 2:
TABLE 2
PhCH2SnBu? + HgC£2 in methanol at 25°C
Run No. ao
(mol if1)
bo 
(mol if1)
k2
(£ mol-1min"”1)
1 1.5 x 10“2 1.0 x 10"2 0.459
2 1.5 x 10“2 1.0 x 10"2 0.461
(Average) k2 = 0.460
2b. Reaction between benzyl tri-n-propyl tin and mercury(II) 
chloride in solvent methanol
The procedure adopted was as described on p.258. The experiment 
was carried out using exactly the same conditions as in the reaction 
with benzyltri-n-butyltin (see above). Results are given in Table 3.
TABLE 3
PhQ^SnPr? + HgC£2 in methanol at 25°C
Run No.
(mol A"-1) (mol &”1) (£ mol"’1min”1)
1.5 x 10-2
1.5 x 10-2
1.0 x 10-2
1.0 x 10-2
0.390
0.394
(Average) k2 = 0.392
2c. Reaction between benzyltriethyltin and mercury(II) 
chloride in solvent methanol
The procedure followed was as for the reaction with benzyl- 
tri-n-butyltin (see p.262), the only difference being that the 
aliquot portions were taken every 10 minutes. Results are given in 
Table 4.
TABLE 4
PhCH2SnEt 3 + HgC£2 in methanol at 25 C
Run No.
(mol jT 1) (mol S,"1) (& mol"1min"1)-
1.5 x 10“2
1.5 x 10-2
1.0 x 10
1.0 x 10
-2
-2
0.647
0.645
(Average) k2 =0.646
2d. Reaction between benzyltrimethyltin and mercury(II) 
chloride in solvent methanol
The procedure followed was as for the reaction with benzyltri-n- 
butyltin (see p.258), the.only difference being that the aliquot portions 
were taken every 30 seconds. Results are given in Table 5.
TABLE 5
PhCH2SnMe3 + HgC£2 in methanol at 25°C
Run No. ao V  k*
f **=> 1 H (mol A-1) (A mol-1min-1)
1 1.5 x 10"2 1.0 x 10-2 35.6
2 1.5 x 10-2 1.0 x 10'2 35.5
3 1.5 x 10"2 1.0 x 10"2 36.7
(Average) k2 = 35.9
2e. Summary of the rate data obtained for the reactions between
PhCH2SnR3 and HgC&2 in methanol at 25°C
aQ = 1.5 x 10“2, bQ = 1.0 x 10-2 mol &-1
R k2
(& mol^min-1)
Bu11 0.460 ± 0.002
Pr11 0.392 ± 0.003
Et 0.646 ± 0.002
Me 35.9 ±0.7
3. Kinetic studies on the reactions of benzyltrialkyltins
(Alkyl = Bu11, Pr11, Et, Me) by mercury (I I) acetate in methanol
3a. Reaction between benzyltri-n-butyltin and mercury (I I) 
acetate in solvent methanol
Glacial acetic acid (0.5 ml) was added to the mercury(II) acetate 
stock solution (100 ml) to prevent solvolysis. The kinetic procedure 
adopted was then as described on p.258. Aliquot portions (2 ml) were 
taken at intervals of one minute and were quenched by a 1:5 
composition quench solution in 10 ml volumetric flasks. Absorbance 
measurements were made at 315 nm, using 1 cm silica cells. Results are 
given in Table 6.
TABLE 6
PhCH2SnBu? + Hg(0Ac)2 in methanol at 25°C 
HQAc = 4.37 x 10"2 mol £-1
Run No. V
(mol &”1)
bo 
(mol Jl”1)
k2
(5, mol""1min”1)
1 4.94 x 10"" 3.33 x 10"1* 110
2 4.94 x 10"1 3.33 x 10"* 118
3 * 4.94 x 10"1* 3.33 x 10"'* 113
(Average) k2 = 114
3b. Reaction between benzyltri-n-propyltin and mercury(II) 
acetate m  solvent methanol
The procedure adopted was as described on p.258. The experiment 
was carried out using exactly the same conditions as in the reaction
with benzyltri-n-butyltin (see p.265). Results are given in Table 7.
TABLE 7
PhCH2SnPrn + Hg(OAc) 2 in methanol at 25°C
HOAc = 4.37 x 10"2 mol S,'1
Run No, ao V k2
(mol 5.-1) (mol r 1) (A mol~1min"1)
1 4.94 x 10'“ 3.33 x 10'“ 123
2 4.94 x 10"“ 3.33 x 10'“ 139
3 4.94 x 10'“ 3.33 x 10'“ 145
(Average) k2 = 135
3c. Reaction between benzyltriethyltin and mercury(II)
acetate in solvent methanol
The procedure followed was as for the reaction with benzyltri
butyltin (see p. 265), the only difference being that the aliquot
portions were taken every 45 seconds. The results are given in T
TABLE 8 -
PhGH2SnEt3 + Hg(0Ac)2 in methanol at 25°C
HOAc = 4.37 x 10-2 mol if1
Run No. a b 0 0 k2
(mol il-1) (mol it-1) (ii mol’Vin”"1)
1 4.94 x 10-" 3.33 x10"“ 207
2 4.94 x 10"“ 3.33 x 10"“ 220
3 4.94 x 10'“ 3.33 x 10'“ 234
(Average) k2 = 220
3d. Reaction between benzyltrimethyltin and mercury (I I)
acetate in solvent methanol
The procedure followed was as for the reaction with benzyltri-n- 
butyltin (see p.265). The reaction was found to take place very 
quickly, since within three minutes of starting the reaction was 
completed; therefore the aliquot portions taken were actually from the 
very last part of the reaction. Fran the three points obtained only a 
very rough value for the rate constant of this very fast reaction can 
be estimated as k2 = 20,000 by plotting log k2 against time.
Aliquot
no.
t
(min)
k2t
mol**1)
k2
mol”1min’1)
log k2
1 0.75 .11906 15875 4.2
2 1.50 16928 11285 4.1
3 2.25 22366 9940 4.0
3e. Summary of the rate data obtained for the reactions between 
PhCH2SnR3 and Hg(0Ac)2 , in the presence of acetic acid, in 
methanol, at 25°C
a0 = 4.94 x 10_", bQ = 3.33 x 10-", HOAc = 4.37 x 10"2 mol Z' 1
R k2
' (A mol’^in"1)
Bu11 114 ± 5
Pr11 135 ± 13
Et 220 ± 16
Me* 20,000
ie
Estimated value
£ V O
SECTION 21
KINETIC STUDIES ON THE IODINATION OF 
BENZYLTRIALKYLTINS, IN METHANOL
1. General procedure
(a) Rate equation
The reaction was carried out at 25°C in methanol, and may be 
expressed as:
PhCH2SnR3 + I2 PhCH2I + RsSnl (1)
(R = Bu11, Pr11, Et, Me)
Results were analysed in terms of the second-order rate equation:
v = k2 [PhCH2SnR3][I2] (2)
If the reaction is carried out in the presence of I”, then the 
equilibrium (3) is set up.
K
I2 + i W — I? (3)
In methanol K is large (1.57 x 1014 I mol”1 at 25°C), so that with an 
excess of I essentially all the I2 is converted to 17, which absorbs 
in the UV region. K is expressed as:
[I3]
K = -------  (4)
[hmi
In order to convert all the iodine into the 13 species, the kinetic 
run was followed in the presence of a large excess of I" ion and there­
fore at any time during the kinetic run the concentration of iodine was 
equal to the concentration of tri-iodide ion formed. Since the 
decrease in the concentration of benzyl trialkyltin will be equal to 
the decrease in the concentration of I3, equation (2) becomes:
v = k°bs [PhCH2SnR3][I3] (5)
From eqns (2) and (-5), then (4), k2 is given as:
k?bs[li] obs
k2  ----------  k f s K[I ] (6)
[I2]
Furthermore, an excess of benzyl trialkyltin over iodine was used to 
simplify the rate equation to a pseudo-first-order expression; from 
eqn (5):
v = k?bs [PhCH2SnR3][li] = k?bs [li] (7)
where [PhCH2SnR3] is constant and so:
k?bs = k°bs [PhCH2SnR3] (8)
Now the overall second-order rate constant, k2, is determined from 
eqns (6) and (8) :
k?bs K [I']
k2 = ----------- (9)
[PhCH2SnR3]
. kf^Cmin"1) 1.57 x 10I*(S. mol [I ]
k2 (Jl mol”1 sec = ---------------------------------
60 [PhCH2SnR3]
(b) Reaction conditions
Preliminary investigations were carried out for the determination 
of suitable fixed wavelengths to observe the rate of disappearance of 
I3. The UV spectra of the solutions containing iodine and iodide ion 
and solutions of benzyl trialkyltins, showed that the first maximum
absorption of 13 in methanol at X = 290 nm cannot be used in this work, 
because of the absoiption of the benzyltrialkyltins. Therefore, the 
second maximum absorption of 13, at X = 350 nm, was chosen as a suitable 
fixed wavelength to follow the reactions spectrophotometrically.
The reactant solutions were made up at 25°C using a thermostatted
O **2bath with a tolerance of ±0.01 C. A solution 4 x 10 M in benzyl-
— 3
trialkyl tin and 1 x 10 M in iodide ion, the source of which was 
tetra-n-butylammonium iodide (25 ml) , and a solution 4.73 x l0“2 M in 
iodine (10 ml), were prepared.
The reactions were carried out spectrophotometrically using a 
SP 800B spectrophotometer with a thermostatted bath (25 ± 0.01)°C, 
connected to a DIGIAC computer. One-centimetre silica cells at 
X = 350 nm were used.
The PhCHaSnR^/I solution was placed in a thermostatted cell holder 
with a reference cell containing the same solution and was allowed to 
settle at 25°C. The 12 solution (9 yl) was injected with a syringe 
into a plastic plunger which was dipped into the reaction cell and 
then withdrawn; this ensured the thorough mixing of the reactions to 
give a uniform solution. The data was collected starting from an 
absorbance of about 1.8, in the UV spectrum, and when the reaction was 
finished or the absorbance had fallen to about 0.05, another injection 
was made to start another reaction using the same solution in the cell. 
This was repeated four times. Therefore, four reaction curves were 
obtained as the UV output, and four straight lines as the computer 
output, from which the observed first-order rate constants were 
calculated. Then, using eqn (9), the second-order rate constant for 
iodination reactions were obtained.
_ V _
(c) The method employed for the calculation of the ki
Guggenheim’s method was the most convenient for the calculation of 
the observed first-order rate constant, because it did not require an 
infinity value on the reaction curve. The integrated rate constant 
for the pseudo-first-order reaction is expressed by:
and so by measuring x at times tx, t2, t3, .... tn, and then measuring 
x’ at times ti + A, t2 + A, .... t + A, the results can be'expressed 
graphically by plotting £n(x’-x) against t (mins), where the slope of 
the straight line obtained is the value of the observed first-order 
rate constant.
kt = Jin [— -—  [a - x_ CIO)
where
a is the initial concentration of the reactant
x is the concentration after time t
The exponential form is written
a - x = a.e-kt (11)
at another time (t + A):
a - x a.e-k(t+A) (12)
Subtracting (12) from (11)
xf - x (13)
taking logarithms
to(x' - x) = -kt + to [a(l - e )■] (14)
A computer program was written to treat the UV output at a fixed 
wavelength (i.e. the absorbance values) by Guggenheim’s method, using 
a direct link between the spectrophotometer and the computer (DIGIAC) .
The computed results were given as a first-order plot of Jln(xT-x) against 
time, using a flat-bed recorder attached to the computer. The slope of 
the line was found manually, and gives directly the first-order rate 
constant.
To check the results obtained from the graphs as the computer 
obsoutput, ki was also calculated from the reaction curves recorded on 
the UV output, using the half lives obtained in each reaction:
In all the cases, the values calculated by the two methods were 
in good agreement with each other.
Several sets of experiments were carried out for each reaction.
Each set consisted of four runs; the first and the last runs were not taken 
into account, but the two middle ones showed very good agreement and 
were used in calculations. The standard deviation for each reaction 
was calculated using the following equation:
t
2
Jin 2 
ki
(15)
N
I (dxn)2
(16)
N - 1
(d) An example
As an example, a UV and a computer output of a set of experiments 
on iodination of benzyltri-n-butyltin in the presence of 0.01 M bromide
ion are given on p.283.
From the UV output the half-lives of the reactions were calculated,
c
and therefore using eqn (15) the value of ki was obtained. (At the 
fixed A used, the speed of the UV recorder was checked. It took 19'50” 
to run the whole length of the UV chart.) From the computer output the 
slope of the lines was measured where, under the instrumental conditions 
used, the chart width is two natural log units and the chart speed 
checked to be 30 mm/min.
To obtain the second-order rate constant (k2) values of each run, 
obsthe corresponding ki value was used in eqn (9) where, according to the 
concentrations used, the equation is as follows:
. k?bs(min *) x 1.57 x lO^Ql mol”1) x l x  10” 3 (mol I x)
k (£ mol sec ) = -------- ---------------— ----- — ------------ —
60 x 4 x 10” (mol &” )
The results are given in Table 1. V
TABLE 1
Data of a set of PhCH2SnBu? + I2, I”, Br experiments in 
methanol at 25°C. I” = '1.x 10”3 M, Br” = 1 x 10” 2 M
No. of 
runs
UV
t, (min) 2
UV
k?bs (min-1)
Computer
k?bs(min“1)
Calculated 
from computer 
k2(& mol”1sec”1)
1 0.62 1.12 1.13 7.39
2 0.66 1.05 1.04 6.80
3 0.70 0.99 0.98 6.41
4 0.79 0.88 0.89 5.89
From the k2 values obtained, the average of only runs 2 and 3 . is 
taken into account, therefore the result of this mentioned set of 
experiments from the table above will be k2 = 6.61 (& mol xsec J) .
2. Kinetic studies on the iodination reactions of benzyltrialkyltins
in the presence of iodide ion, in methanol, at 25°C
The reactions were followed by the method given in the General 
Procedure, using the same order of concentrations; the results are 
given in Table 2, where each value represents the mean value of seven 
sets of experiments.
TABLE 2
PhCH2SnR3 + 12 in presence of I”, in methanol, 
at 25°. I” = 1 x lCf3 M
PhCH2SnR3 k (£ mol”1sec
ii K 6.74 1 0.16a
50 ii 5.90±0.14
R = Et 8.86 ± 0.11
R = Me 10.57 ±  0.07
a - Standard deviation from seven sets of 
experiments, 14 kinetic runs, for each 
entry in this column.
3. Kinetic studes on the iodination reactions of benzyl- 
tri-n-butyltin, in the presence of iodide ion and other
ions in methanol, at 25°C
The reactions were carried out following the method described in 
the General Procedure, using the same concentration of the reactants 
and iodide ion, 1 x 10" 3 M. The only difference was the presence of 
different concentrations of other ions such as Br , C£ and C&04.
The sodium salts of the mentioned anions were used in all of the 
reactions, and the results are given in Table 3:
TABLE 5
PhCH2SnBu? + I2 in the presence of I”, N (N” = Br~,C&”,C&04), 
in methanol, at 25°C. I" = 1 x lCf3 M
Concentration 
of N"
k2/k2° 
N" = Br~
k2/k2°
n” = a ”
k2/k2°
N” = CZOZ
0.005 0.92a 0.96a 1.04a
0.01 0.85 0.94 1.07
0.05 0.78 0.99 1.11
0.1 0.65 1.07 1.21
3.Average of six sets of experiments, twelve kinetic runs, for each 
entry on this column.
In the table above k2 is the average second-order rate constant 
(Z mol-1 sec”1) of at least six sets in the presence of N” (Br”,C&”,CJtOiJ, 
and k2 is the second-order rate constant for the reaction in the absence 
of N”, which had been determined at the same time, (see p.284).
4. Kinetic studies on the iodination of benzyltri-n-butyltin in the 
presence of different concentrations of iodide ion, in methanol, 
at 25°C
The reactions were carried out in the same way as described in the 
general procedure, except that the concentration of iodide ion was 
altered, using sodium iodide as the source of the iodide ion; the 
results are given in Table 4:
TABLE 4
PhCH2SnBU? + I2, in the presence of different 
concentrations of I”, in methanol, at 25°C
Concentration 
of I" k2/k2°
1 x 10”3 1.00a
2 x 10"3 1.10
6 x 10-3 1.17
10 x 10"3 1.25
50 x 10” 3 1.38
a Average of five sets of experiments, ten kinetic 
runs, for each entry on this column.
The value of k2 used in the table above is the value of k2 in the 
I” = 1 x lCf3 reaction (see p.284).
5. Kinetic studies on the iodination of benzyltri-n-butyltin, in the 
presence of iodide ion, perchlorate and bromide ion at constant 
ionic strengths, in methanol, at 25°C
These reactions were carried out using the same concentrations and 
method as given in the general procedure, except that in this series of 
reactions sodium bromide and sodium perchlorate were present in 
different proportions, such that the total concentration of (Br + C£(\)
5b
remained constant at 4 x 10”2 M, all through the reactions. The results 
are given in Table 5:
PhCH2SnBu? + I2,
TABLE 5
I”, Br”, C£0^, in methanol, 
I' = 1 x 10-3 M
at 25°C.
Concentration 
of Br”
Concentration 
of C£0it ^2/^2°
0 4.0 x 10' 2 1.06a
0.8 x 10-2 3.2 x 10"2 0.96
1.6 x 10-2 2.4 x 10-2 0.89
2.0 x lO-2 2.0 x 10-2 0.88
2.4 x 10"2 1.6 x 10 '2 0.85
3.2 x l O -2 0.8 x 10-2 0.82
4.0 x 10-2 0 0.81
a Average of five sets of experiments, ten kinetic runs, 
for each entry in this column.
The value of k° used in the table above is the value of k2 in the 
I” = 1 x 10” 3 reaction.
6. Kinetic studies on the iodination of benzyltri-n-butyltin, in the 
presence of iodide ion, perchlorate and chloride ion, at constant 
ionic strength, in methanol, at 25°C
These reactions were carried out following the method described in 
the general procedure, and using the same concentrations, except that 
in this series of reactions sodium chloride and sodium perchlorate 
were present in different proportions, such that the total concentration 
of CC£~ + C£(\) remained constant at 4 x 10”2 M, all through the reactions. 
The results are given in Table 6:
PhCH2SnBu? + I2,
TABLE 6 
I , Ci , C£0^, in methanol,r = i x io"3 m at 25°C.
Concentration
of or Concentration of C&O4 k2/k20
0 4.0 x 10-2 1.06a
0.8 x 10"2 3.2 x 10-2 1.02
1.6 x 10 2 2.4 x 10-2 1.01
_ „ — 2
1.002 .0 x 10 2.0 x 10
2.4 x 10-2 1.6 x 10“2 0.98
3.2 x 10"2 0.8 x 10”2 0.97
4.0 x 10-2 0 0.96
3. Average of five sets of experiments, ten kinetic runs, 
for each entry in this column.
7. Kinetic studies on the iodination of benzyltri-n-butyl tin,
in the presence of iodide ion and perchlorate, at constant ionic 
strength, in methanol, at 25°C
The reactions were followed by the method given in the general 
procedure, concentration of the reactants used being the same except 
that the iodide ion concentration present in the reaction was altered 
such that (l“ + C£CQ remained constant at 5 x 10"*2 M all through the 
reactions. The results are given in Table 7:
TABLE 7
PhCH2SnBu3 + I2, I*", C&O4, in methanol, at 25°C
Concentration 
of 1“
Concentration 
of C£CV k2/k°
1 x 10"3 49 x 10“3 1.23a
2 x 1 0 '3 48 x 10' 3 1.36a
3 x 10' 3 47 x 10" 3 1.38a
4 x 10' 3 46 x 10" 3 1.40a
5 x 10' 3 45 x 10" 3 1.42b
10 x 1 0 '3 40 x lO" 3 1.44b
25 x 10' 3 25 x 10" 3 1.47b
50 x 10' 3 0 1.50c
a Average of four sets of experiments, eight kinetic runs, 
b Average of three sets of experiments, six kinetic runs. 
c Average of two sets of experiments, four kinetic runs.
8. Kinetic studies on the iodination of benzyltri-n-butyltin, in 
the presence of iodide ion and different concentrations of 
benzyltri-n-butyltin, in methanol, at 25°C
Reactions were carried out by the method described in the general 
procedure, using the same concentration of reactants, except that the 
concentration of benzyltri-n-butyltin was altered. The results are 
given in Table 8:
TABLE 8
PhCH2SnBu? + I2, I~, in methanol, at 25°C. 
I” = 1 x 1(T3 M
Concentration 
of PhCHzSnBu"
k2
(S. mol"’sec-1)
k2/k2°
1 x 1 0 '2 6.34a 0.94
2 x 10"2 6.74b 1.00
3 x 10"2 6.40a 0.95
4 x 10“2 6.61a 0.98
3 Average of four sets of experiments, eight kinetic runs. 
b Table 2.
The k2 value used in the above table is the value of k2 where 
the concentration of tin compound is 2 x 1CT2 M.
9. Kinetic studies on the iodination of benzyltri-n-butyltin in 
the presence of iodide ion and galvinoxyl or hydroquinone, 
in methanol, at 25°C
The reactions were carried out in exactly the same way as described 
in the general procedure, using the same order of concentrations of 
reactants, except that in this series of experiments a small quantity of 
galvinoxyl or hydroquinone was present to 61 of the concentration of 
iodine in the reaction mixture.
As a check experiment, the reaction of iodine with both of the 
inhibitors in the presence of iodide ion was investigated spectrophoto- 
metrically, at the fixed wavelengths used in the iodination reactions,
A = 350 nm. Under the conditions used, i.e. addition of 0.01 M solution
(3 y£) of each inhibitor into the reaction mixture cell, the results 
showed that there is a reaction between iodine and both of the inhibitors 
which is very slow compared to the actual rate of the iodination reaction
The second order rate constants obtained for the iodination in 
the presence of galvinoxyl or hydroquinone were actually the same as in 
their absence, in standard iodination reactions. The results are given 
in Table 9:
TABLE 9
The second-order rate constants for the iodination 
reaction in the presence of galvinoxyl or hydroquinone, 
in methanol, at 25°C. I" = l x  10”3 M
Reaction
k2
mol"*1 sec"1) V k 2°
Iodination 6.74a 1.00
Iodination with 
galvinoxyl
6.88b 1.02
Iodination with 
hydroquinone
6.67b 0.99
a Table 2.
Average of three sets of experiments, six kinetic runs.
Iodination of benzyltri-n-butyltin in the presence of 0.01 M bromide
ion, in methanol, at 25°C
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SECTION 22
KINETIC STUDIES ON THE BROMINATION OF 
BENZYLTRIALKYLTINS IN METHANOL
1. General procedure
The bromination reaction of benzyl trialkyltins in methanol was 
carried out spectrophotometrically, using the same instrumentation and 
method as in the iodination reactions. The second-order rate constants 
were calculated by the same equation as given in the general procedure 
of the iodination reaction.
The reactions were followed at a suitable fixed wavelength,
X = 300 nm, to observe the rate of disappearance of Br3 (cBr3 = 14266 at 
X = 300).187
The reactant solutions were made up at 25°C using a thermostatted 
bath with a tolerance of 0.01°C. A methanolic solution 3.5 x 10 3 M 
in benzyltrialkyltin and 0.25 M in bromide ion, the source of which was 
tetra-n-butylammonium bromide (25 ml), and a solution 0.16 M in bromine 
(25 ml) were prepared.
The PhCH2SnR3/Br"" solution was placed in a thermostated cell holder 
with a reference cell containing the same solution. The Br2 solution 
(7-8 U&) was injected with a syringe into the reaction cell and the 
reaction was followed in the same way using the same method as described 
in the iodination.
Bromine solutions were prepared by addition of 0.2 ml neat bromine 
into 25 ml methanol just before the experiment was started, and was used 
within three hours; the solution was stored in the dark during this time.
In the reaction mixture essentially all the injected Br2 is converted 
into the Br 3 species:
where K is the equilibrium constant and has the value of 177 mol” )
191
in methanol.
The second-order rate constants were calculated from the first-order 
rate constant values, obtained from the computer outputs.
For each reaction the standard deviation is calculated using the 
following equation:
2. Kinetic studies on the bromination reaction of benzyl trialkyl tins
The reactions were followed by the method given in the general 
procedure, using the same order of concentrations; the results are given 
in Table 1, where each value represents the mean value of at least six 
sets of experiments.
(2)
in the presence of bromide ion, in methanol, at 25°C
TABLE 1
PhCH2SnR3 + Br2 in the presence, of Br”, in methanol 
at 2S°C. Br" = 0.25 M
PhCH2SnR3 k2 (£ mol”1sec”1)
R = Bu11 623 ± 34a
R = Prn 552 ± 16
R = Et 673 ± 19
R = Me 746 ± 11
3 . Standard deviation from at least six sets of experiments, 
twelve kinetic runs, for each entry on this column.
3. Kinetic studies on the bromination reactions of benzyltri-n-butyltin
in the presence of bromide ion and other ions, in methanol, at 25°C
The reactions were carried out by the same method as described in the 
general procedure, using the same order of concentrations. The other ions 
present were perchlorate and chloride ions, where the sodium salts of the 
given anions were used in the reactions. Results are given in Table 2:
TABLE 2
PhCH2SnBu? + Br2 in the presence of Br and N 
(N~ = CJMV, CSL ) in methanol, at 25°C. Br = 0.25 M
Concentration 
of N"
k2/k2° 
N~ = CitO^
k2/k2 
N“ = O f
0.1 l.lla 1.10a
0.2 1.26 -
0.3 1.43 -
0.4 1.74 -
0.5 2.00 -
° - 7 2.60 -
1.0 3.45 -
cl Average of five sets of experiments, ten kinetic runs, 
for each entry in the columns.
The k2° value used in the above table is the second-order rate
constant value k2, for the reaction in the presence of 0.25 M Br , and no
CWX or ion present, determined at the same time (see p.293).
In the series of the reactions in the presence of chloride ion,
because of the low solubility of sodium chloride in methanol, it was not 
possible to carry out the reactions in the presence of more than 0.1 M 
sodium chloride.
4. Kinetic studies on the bromination of benzyltri-n-butyltin in the
presence of different concentrations of bromide ion, in methanol, 
at 25°C
The reactions were carried out in the same way as described in the 
general procedure except that the concentration of bromide ion was 
altered. The results are given in Table 3:
TABLE 3
PhCH2SnBu? + Br2, in the presence of different 
concentrations of bromide ion, in methanol, at 25°C
Concentration 
of Br"
o
CMCM
0.2 0.89a
0.25 1.00
0.3 1.23
0.4 1.32
0.5 1.40
1.0 ■ 2.08
3. Average of five sets of experiments, ten kinetic 
runs, for each entry in this column.
The k2° value used is the value of k2 where the concentration of 
Br" = 0.25 M (see p.293).
6. Kinetic studies on the bromination of benzyltri-n-butyltin in the 
presence of bromide ion and perchlorate ion, at constant ionic 
strengths, in methanol, at 25°C
The reactions were followed by the method given in the general 
procedure, except that the bromide ion concentration present in the 
reaction was altered such that (Br + C£0iJ remained constant at 0.7 M 
during the reactions. The results are given in Table 4:
TABLE 4
PhCH2SnBu? + Br2, Br”, CJiO^ , in methanol, at 25°C
Concentration 
of Br”
Concentration 
of CJiOi* k2/k2°
0.2 0.5 2.01a
0.3 0.4 1.92
0.4 0.3 1.83
0.5 0.2 1.74
0.6 0.1 1.60
0.7 0 1.49
a Average of four sets of experiments, eight kinetic runs, for 
each entry in this column.
The k2° value used in the above table is the k2 value of the 
bromination reaction, with Br” = 0.25 M, in the absence of CftOZ ion.
6. Kinetic studies on the bromination of benzyltri-n-butyltin in 
the presence of bromide ion and different concentrations of 
benzyltri-n-butyltin, in methanol, at 25°C
Reactions were carried out in the same way as described in the 
general, procedure, using different concentrations of benzyltri-n-butyltin 
results are given in Table 5:
TABLE 5
PhCThSnBu113+ Br2, Br”, in methanol, at '25°C. 
Br” = 0.25 M
Concentration 
of PhCHzSnBu?
k2
(S. mol”"sec-1)
k2/k2°
3.5 x 10" 3 623b 1.00
5.0 x 10-3 636b 1.02
7.0 x 10-3 648b 1.04
10.0 x 10-3 6S4b 1.05
15.0 x 10” 3 660b 1.06
a Table 1. 
y%
Average of four sets of experiments, eight kinetic runs, for each 
entry in this column.
The k2° value used in the above table is the value of k2 where 
the concentration of tin compound is 3.5 x 10”3 M.
7. Kinetic studies on the bromination of benzyltri-n-butyltin in the 
presence of bromide ion, and galvinoxyl or hydroquinone, in 
methanol, at 25°C
The reactions were carried out in exdctly the same way as described
_ g
in the general procedure, using a methanolic solution, 3.5 x 10 M in 
benzyltri-n-butyltin, and 0.25 M in sodium bromide (25 ml) , except that 
in three sets of experiments a small quantity of galvinoxyl or hydro­
quinone was present, the order of which was about 1% of the concentration 
of bromine in the reaction mixture.
As a check experiment, the reaction of bromine with both of the
inhibitors in the prsence of bromide ion was investigated spectrophoto- 
metrically, at the fixed wavelengths used in the bromination reactions,
X = 300 nm.
Under the conditions used in the reaction, i.e. addition of 0.01 M 
solution (3 ml) of each inhibitor into the reaction mixture, the results 
showed that there is a reaction between bromine and both of the inhibitors 
(mostly with hydroquinone), which is very slow compared to the actual rate 
of the bromination reactions. The higher the concentration of inhibitor, 
the larger is the rate of reaction.
The second-order rate constants obtained for the bromination in the 
presence of galvinoxyl or hydroquinone were actually the same as in their 
absence, in standard bromination reactions. The results are in Table 6:
TABLE 6
The second-order rate constants for the bromination 
reaction in the presence of galvinoxyl or hydroquinone, 
in methanol, at 25°C. Br" = 0.25 M
Reaction
k2
(£ mol 1sec x) k2/k2°
Bromination 623a 1.00
Bromination with 609b 0.98
galvinoxyl
Bromination with 625b 1.00
hydroquinone
a Table 1.
1 -
Average of three sets of experiments, six kinetic runs.
Kinetic behaviour of the bromination of benzyltri-n-butyltin in
the presence of ions, in methanol, at 25°C
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N.M.R. SPECTRA
FIGURE 1 Proton n.m.r. spectrum of benzyltri-n-butyltin in CDC& 3
8 7 6 5 4 3 2 1 0
6Cppn)
a C6H5CH2SnBu3 
b C6H5CH2SnBu?
c C6H5CH2SnBu” 
d T.M.S.
* 119Sn satellites
▼ CDCJ.3
FIGURE 2 Proton n.m.r. spectrum of benzyl trimethyltin in CIO 3
7 6 5 4 3 2 01
6(ppm)
a C6H5CH2SnMe3
b C6H5CH2SnMe3
c C6H5CH2SnMe3
* 1I9Sn satellites
▼ CDOL3
FIGURE 3 Proton n.m.r. spectrum of the products of the reaction 
between benzyltrimethyltin and mercury (II) chloride in 
d^-MeOH
7 6 45 3 2 01
<5 (ppm)
a C6H5CH2SnMe3 9 C0H5CH2SnMe2C& 
b C6H5Cy2SnMe2Cil
c C6H5GH2SnMe3
d M§HgC&
e C6H5CH2SnMe2Cjl
f C6H5CH2SnMe3
* 119Sn satellites
▼ Proton residue in d^-MeOH
FIGURE 4 Proton n.m.r. spectrum of the products of the reaction
between benzyltrimethyltin and mercury Cl I) chloride in
di*-MeOH, left for two days
6 07 4 25 3 1
<5 (ppm)
a C6H5CH2SriMe3, CgUsCF^ SriM^ GJl 
b C6H5CH2SnMe2CJl
c C6H5CH2Sn^ fe3
d MgHgC£ (disappeared) 
e C6H5CH2SnMe2Cjl
f Me2Hg
g C6H5CH2SnMe3
* 119Sn satellites
▼ ' Proton residue in di*-MeCH
FIGURE 5 Proton n.m.r. spectrum of the products of the reaction
between benzyl trimethyl tin and iodine, in the presence of 
iodide ion, in methanol; extracted in CC&i*
02 14 36 57
6 (ppm).
a CeUsCHzSnMea, CeHsCEfel, CgUgCHzSnMezI 
b C6H5CH2I
c C6H5CH2SnMe3
d M§I
e C6H5CH2SnMe3, CgHsCH2ShMe2l
* 119Sn satellites
FIGURE 6 Proton n.m.r. spectrum of the products of reaction between
benzyl trimethyltin and iodine, in the presence of iodide ion,
in d^-MeOH
JLL
7 6 5 4 3 2 1 0
6 (ppm)
a C6H5CH2SnMe3, CgHsCP^I, CgHgCH2SriMe2l
b CgHg^I
c CgH5CH2SnMe2l
d C6H5CH2SriMe3
e Mgl
f M§3SnI
g CgH5CH2ShMe3
* 119Sn satellites
T Proton residue in d^-MeOH
FIGURE 7 Proton n.m.r. spectrum of the products of the reaction
between benzyltriethyltin and bromine, in the presence of
bromide ion, in methanol; extracted in CC&4
02 14 35678
SCppm)
a C6y5CH2SnEt3 , C6g5GH2Br, C6g5CH20CH3 
b CeHg^Br
c C6H5CH20CH3
d C6H5CH20Cg3
e C6H5CH2SnEt3
f C6H5CH2SnEj3
* 119Sn satellites
FIGURE 8 Proton n.m.r. spectrum of the products of the reaction
between benzyltrimethyltin and bromine, in the presence of
bromide ion, in d^-MeOH
7 6 5 4 3 2 1 0
6 (ppm)
a C6HsCH2SriMe3 , CeUsCHzBr, C6H5CH2OCH3 , CgysCHzSnMezBr 
b CeHsCgzBr
C C6H5CH2OCH3
d M^Br
e C6H5CH2ShMe3
f M©3SnBr, C6H 5CH2SnM§2Br 
g C6H5CH2ShM§3
* 119Sn satellites
T Proton residue in d^ -MeOH
FIGURE 9 Proton n.m.r. spectrum of the products of the reaction
between benzyltriethyltin and chlorine, in the presence
of chloride ion, in methanol; extracted in CC&i*
Ul*
0
6 (ppm)
a C6H5CH2SnEt3, C6H5CH2C&, C6H5CH2OCH3 
b C6H5CH2Cil
C C6H5CH2OCH3 
d CeHsCHzOCgs 
e C6H5CH2SnEt3
f C6H5CH2SnEt3 
g T.M.S.
FIGURE 10 Proton n.m.r. of the products of the reaction between
benzyl trimethyltin and chlorine, in the presence of
chloride ion, in methanol; extracted in CC& 4
7 6 45 3 2 01
6fppm)
a C6y5CH2SnMe3, C6H5CH2a, C6H5CH20CH
b c6H5q j2a
c C6H5CH20CH3
d C.6H5CH20CH3
e C6H5CH2SnMe3
f C6H5CH2SnMe3
* 119Sn satellites
FIGURE 11 Proton n.m.r. spectrum of the products of the reaction
between benzyltri-n-butyltin and iodine monobromide in
methanol; extracted in CC&i*
7 6 5 4 3 2 01
6(ppm)
a C6H5CH2SnBu?, C6H5CH2I 
b C6H5CH2I
c C6Il5qj2SnBu? •
d C6H5CH2SnBy?
* 119Sn satellites
T Proton residue in d6-benzene used as lock
FIGURE 12 Proton n.m.r. spectrum of the products of reaction between
benzyltri-n-butyltin and iodine monobromide in COU
7 6 5 4 3 2 1 0
6(ppm)
a C6H5CH2SnBu3> CgH5CH2Br, CgH5CH2I  
b C6H5aj2Br
c CeHsCHal
d CcH5qj2SnBu?
e C6H5CH2SnBu?
* 119Sn satellites
FIGURE 13 Proton n.m.r. spectrum of the products of the reaction
between benzyltri-n-butyltin and iodine monochloride in
methanol; extracted in CC£4
7 6 5 4 3 2 1 0
5 (ppm)
a C6H5CH2SnBu3, C6H5CH2I 
b C6H5CH2I 
c C6H5CH2SnBu3 
d C6H5ffl2SnBji?
* 119Sn satellites
T Proton residue of d6-benzene used as lock
FIGURE 14 Proton n.m.r. spectrum of the products of reaction between
benzyltri-n-butyltin with iodine monochloride in CCJU
"T"....... i.... \ ■ i r   i ' i   I
7 6 5 4 3 2 1 0
6(ppm)
a CeHsCHzSnBu?, C6HsCH2CS., C6H5CH2I 
b cGH5cg2a
C C6H 5Cy2I
d C6H5q_I2SnBu?
e C6H5CH2SnBu?
* 119Sn satellites
FIGURE 15 Proton n.m.r. spectrum of the products of the reaction
between benzyltri-n-butyltin and bromine monochloride, in
methanol; extracted in CCiU
7. 6 5 4 3 2 01
6Cppm).
a C6H5CH2SnBu3, C6B5CH2Br, CeHsCHzOCHa 
b CcIlsOkBr 
c CsHsQkOCHa 
d C6H5CH20Ca3 
e C6H5CU2SnBu3 
f C6H5CH2SnBy3
v Proton residue in d6-benzene used as lock
FIGURE 16 Proton n.m.r. spectrum of the products of reaction between
benzyltri-n-butyltin and bromine monochloride in CCX^
7 6 5 4 3 2 01
6(ppm)
a C6H5CH2SnBt&, C6B5OI2CJ!,, C6BsCH2Br 
b C6H5CH2C&
c C6H5CH2Br
d C6H5CH2SnBu?
e C6II5CH2SnBu?
* 119Sn satellites.
T Proton residue of d6-benzene used as lock
FIGURE 17 Proton n.m.r. spectrum of the products of the reaction between
benzyltri-n-butyltin and ethylhypochlorite in the presence of
chloride ion, in methanol; extracted in CC&i*
7 6 5 4 3 2 01
(ppm)
a C6g5CH2SnBu?, CsHsOfe'Cfc, C6H5CH20CHS 
b C6H5CH2C£
C C5H5CH2OCH3
d C6H5CH20Cg3
e C6H5CH2SnBu?
f C6H50l2SnBu?
g T.M.S.
* 119Sn satellites
FIGURE 18 Proton n.m.r. spectrum of the products of the reaction
between benzyltri-n-butyltin and chlorine, in the presence
of Cl , in a 50/50 mixture of MeOH/EtOH; extracted into CC&i*
6 5 4 27 3 01
6 (ppm)
a C6H5CH2SnBu?, C6H5ffl2a, C6H5CH20CH3, C6H5CH20C2H5 
b CgH5CU2C&
c C6H5CH20C2H5 
d C6H5CH20CH3 
e C6H5CH20CH2CH3
f C6H5CH20CU3
g C6H5CH2SnBu3, CgH5CH20CH2CH3 
h T.M.S.
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